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SIMIARY 


Rocketdyne has reviewed the 85,000 failure reports which have resulted 
from 

1. The. development of eight different pump-'fed liquid rocket engines 

2 . The delivery of about 2500 engines 

3. The launch of over 1000 flight vehicles 

over the last 30 years. These engine failure reports were reviewed, 
screened, categorized and were reduced to 16 failure modes and failure prop- 
agation diagrams, which were common to all engines. 

A survey of the state of the art of sensors for in-flight and inspection 
techniques for between-f light engine condition moinitoring was performed. 

The in-flight sensors and the between-f light inspection techniques were 
assessed, matched, then ranked relative to their suitability for prognosis 
and diagnosis of the identified 16 failure modes. The highest ranked tech- 
nology selections for both in-flight and between-f light were considered 
upgradable and the effort required to develop these technologies has been 
identified. 

The eight technologies that are potentially applicable to rocket engines 
are: 

1. Optical pyrometer for turbine blade temperature 

2. Fiberoptic def lactometer for bearing condition 

3. Isotope wear detector for wear particles 

4. Tunable diode laser spectrometer for wear particles 

5. Ultrasonic flowmeter for propellant flows 

6. Ultrasonic thermometer for high temperatures 

7. Holographic leak detector for fluid leaks 

8. Scanning pyrometer for blocked fluid passages 



INTRODUCTION 


Future space transportation systems for low earth orbit must rely on reus- 
able subsystems and routine ground operations to be cost effective. This 
can be achieved by avoiding high costs associated with maintenance on a 
basis other than for cause, and avoiding disassembly for routine inspection 
and premature component replacement. The approach to achieving substantial 
operations cost reductions by increasing rocket engine service life and 
reducing maintenance and turn-around time between flights is to incorpo- 
rate engine condition monitoring. Engine condition monitoring includes 
both in-flight condition monitoring and between-f light inspection. This 
study was conducted for the purpose of identifying technology advancements 
in engine condition monitoring needed to minimize liquid rocket engine 
maintenance. 

There has been a long history of development activity directed toward air- 
craft air breathing engine monitoring systems. Several Air Force aircraft/ 
engine systems as well as engine-alone systems have been implemented 
recently through prototype and operational applications. These systems 
have been directed toward reducing propulsion support costs and improving 
aircraft operational availability. Similar activity has existed with com- 
mercial airlines. However, prior to the advent of the Space Shuttle and 
the Space Shuttle Main Engines, no large requirement for reusable liquid 
rocket engines existed. The Space Shuttle is bringing about new 
requirements. 

This study was undertaken to identify needed technology advancements in 
engine conditioning monitoring. The efforts (1) reviewed past rocket 
engine failures modes, (2) Identified state-of-the-art technology for 
in-flight engine condition monitoring sensors and between-f light inspection 
techniques to detect incipient component failures, and (3) identified areas 
where advancement in monitoring and Inspectipn technology is required. 

The study was performed in four tasks: 

Task I - Review and Characterization of Past and Present Rocket 
Engine Failures 

Task II - Identification and Evaluation of In-Flight Condition 
Monitoring Sensors 

Task III - Identification and Evaluation of Be tween-F light Inspection 
Techniques 

Task IV - Eight Technologies Recommended for Additional Development 
Effort 

The study was performed during part of 1980 and 1981. 



DISCUSSION 


CHARACTERIZATION OF ROCKET ENGINE FAILURES 

The objectives of Task I of this study were to identify engine failures of 
main propulsion booster and space engines, regardless of propellant combina- 
tion, to categorize these failures, and to investigate and evaluate the 
failure modes in order to conduct an assessment of state-of-the-art tech- 
nology of the in-flight engine condition, monitoring equipment and inspection 
techniques. 

To perform this task it was necessary to draw upon the Rocketdyne Reliability 
Data bank for applicable failures, to categorize the data in some meaningful 
way, to reduce it to a manageable size, and to unravel the propagation of 
the applicable failure modes to assist the investigation of the monitoring 
techniques. 

These data were to be submitted in an agreed-upon format that would simplify 
the performance of the subsequent tasks of the study, and would record the 
results. 

FAILURE ANALYSIS PROCEDURE 
1 . Definitions 

Since Rocketd 3 me has had a relatively long and rich experience in rocket 
engine development, testing and production (Fig. 1), it was decided to review 
and evaluate the reports associated with engine failures that could provide 
a basis for the study. 

The failure data accumulated at Rocketdyne over the years was estimated to 
be in the neighborhood of 100,000 pieces of information. It became apparent 
that some ground rules and screening were required to handle the mass of data 
in some consistent manner to obtain meaningful results to support the study. 

The first decision was to select a definition for failure which would be 
consistent with the approach. The definition is: 

^Failure is the inability of equipment to satisfy performance 
or design specifications once the equipment has experienced 
successful operation or acceptance or has the expectation of 
successful performance without adjustment or rework." 

This definition permits the reporting of failures, which have been noted 
during operation, as well as the reporting of conditions which would result 
in a failure if operation were penult ted. 




Figure !• Rocketdyne — 30 Years of Delivering Engines 

The definition would become a first screen of the data by eliminating the 
trouble reports in the system which are generated as a result of rejection 
of hardware due to improper paperwork, cosmetic discrepancies (scratches on 
paint, lack of torque stripe, etc.)- While the boundaries of the failure 
were determined, the criticality of the failure had also to be defined. 

Since the format selected for presentation of the data required assigning 
criticality factors, these were defined as: 

Category 1 = loss of life or vehicle 

Category 2 = loss of mission (includes both post-launch 
abort and launch delay sufficient to cause 
mission scrub) 

Category 3 = all others 
2 . Raw Data Base 

Before examining the criteria for subsequent screens, it is helpful to 
describe the life cycle of an engine at Rocketdyne and in the field, up 
to the point where the engine is expended, and to establish at which point 
failure reports, or Unsatisfactory Condition Reports (UCRs) originate. 
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Figure 2 shows the typical activity to which the hardware, which constitutes 
an engine, is exposed. Separate pieces of hardware are received and tested 
prior to assembly in subsystems or assemblies in Receiving Inspection opera- 
tions by the Quality Assurance organization. Once a component or parts 
thereof are deemed acceptable, they are ready for assembly into larger 
components, subsystems, systems and finally into a complex system. The 
engine UCRs are written only when the component, having once demonstrated 
its ability to function according to specification requirements, fails to 
meet these requirements. 

Components are functionally checked during assembly and subsystems are 
further tested. Turbopumps are calibrated and assembled, and subjected to 
a so-called ”green run” on the component test stand. The green run is the 
initial hot fire test of the assembled turbopump, verifying its ability to 
deliver the desired performance. The turbine receives its working fluid 
from a slave gas generator: while the fuel pump delivers fuel, the LOX side 

pumps water. After successfully passing the green run tests, the assembled 
turbopump is returned to the shop to be mounted on the engine. The thrust 
chamber and injector are also calibrated separately, in water tests, to 
determine the Delta-P and are then ready for assembly. For many years the 
gas generator, the component that delivers working gas to the turbine, was 
tested separately to determine its performance. 


"FAILURE" REPORT 
MAY IE WRITTEN 

X 



JL_ 

1 

ELEMENT 

COMPONENT 


ENGINE 


VEHICLE 


fUMF 

PERFORMANCE 


CAtlRRATED 
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Figure 2. Gas Generator Cycle Rocket Engine Test Activity 
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All these components, together with the thrust mounts, valves, controls, 
lines and ducts, electrical components and harnesses are assembled into 
an engine. UCRs are always written when a component does not meet any 
requirements. Finally, the completed engine is subjected to a series of 
electromechanical and leak checks, usually called the first E&M check. 

After passing this series of tests, the engine is mounted on a test stand 
and subjected to a minimum of two hot fire tests to verify engine perform- 
ance and operation. Any nonconformance is written up as an UCR. After 
completing the hot fire, or acceptance tests, the production engine is 

returned to the shop for another series of leak and electromechanical tests, * 

the second E&M check. After successfully passing these tests, the engine is 
delivered to the customer. At this point, the engine is transported to 
another contractor, where it passes receiving inspection tests, is installed 
in the vehicle and subjected to a new series of electrical, mechanical and 
leak checks. During this time, any discrepancy is written up as an UCR. 

Subsequently, the integrated vehicle is transported to the launch site, the 
payload is installed and the engine goes through the final series of checks 
prior to countdown sometimes including static firing. Further UCRs may be 
generated during this time, until, in conventional rocket engines, the 
engine is expended in launch. 

As it can be seen, the Rocketdyne failure reporting system is designed to 
record on UCRs nonconforming conditions at various stages of the engine 
life. In addition, the UCR provides disposition for the discrepant hard- 
ware; it outlines corrective action against future similar occurrences and 
supplies trend data. Figure 3 shows two UCRs from the SSME data file, 
indicating all the information that is recorded regarding the discrepancy. 

At this point, the selection of the engine systems, from which the UCR data 
were going to be evaluated, was also made. Based on the study requirements, 
it was decided to use failure data from large liquid rocket engines; that 
is, systems that utilize pumps for propellant feed, rather than being fed 
from pressurized tanks. The engine systems selected are based on similarity 
of engine operation and of component configuration with the hypothetical 
reusable rocket engine. 

The information retrived from the computerized Reliability Data Repository 

was limited to current engine systems still in production as well as those 

that had been designed for manned application in the Apollo program. Data 

from discontinued pump-fed engines, such as the Navajo, Jupiter and Redstone, ^ 

were not used since they are too far removed from the current concept of 

rocket engines. The selected engine systems are: 

1. SSME used in the Orbiter Vehicle ^ 

2. J-2 used in the Saturn Ib and V Vehicles 

3. H-1 used in the Saturn Ib Vehicle 

4. F-1 used in the Saturn V Vehicle 

5. RS-27 used in the Delta Vehicle 

6. Thor used in the Thor Vehicle 

7. Atlas used in the Atlas, Atlas-Centaur Vehicles 
These systems are described briefly in Appendix A. 
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After excluding other data from programs that did not fit the initial 
criteria, that is UCRs originating in programs related to the engine systems 
listed above, the data base consisted of some 84,000 pieces of information. 

3. Data Screening 

Concentrating on the objective of the study, it was desirable to use only 
UCRs which could provide the basis for investigation of rocket engine 
sensors. Since the UCR search covered an extensive time period during the 
development stages and the production of these engine systems, it was 
desirable to concentrate on the failures originating during the operational 
phase of the engine. 


Screen No. 1 . The criteria to eliminate failure reports of components and 
engines of experimental configuration were established. The most cost- 
effective way was to retain the data originating from production and flight 
configuration engines. This allowed an automatic sort of the data stored 
on computer tapes. The criteria for sorting the failure data were by engine 
serial number denoting production/flight engine systems as follows: 


SSME 

Atlas 

RS-27 

F-1 

J-2 

H-1 

Thor 


- All 2xxx series plus flight configuration engines 0006, 
0008, 0009 

- All llxxxx and 22xxxx series engines 

- All OOxx series 

All 4 digit series 

- All 6 digit series 


A further screening of the Atlas and H-1 engine data removed information 
related to earlier models as unsuitable for the analysis. 

Figure 4, indicates the phase from which the failure data was drawn, relating 
it to reliability growth. Because data from mature engine was desirable, 

UCRs from the early life of the program were excluded. 



* 
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Screen No. 2 . The next screening step was to select failure data from hot 
fire tests, flight/launch operations and post hot fire tests. Each produc- 
tion engine, before being delivered, is subjected to one or more hot fire 
tests to determine its operational characteristics and to verify the integ- 
rity of the system. 

These tests, performed at the Santa Susana Field Laboratory (SSFL) test 
stands (F-1 testing was performed at Edwards Air Force Base facility) and 
called acceptance tests, were found most suitable for the study. The 
acceptance tests duplicate, as much as possible, the operation of the 
engine systems during launch and flight with the exception of duration and 
acceleration. 

Screen No. 3 . Another screening step resulted from elimination of the fail- 
ure reports due to causes that would obscure the goal of the investigation. 
The following categories were excluded as unsuitable: 

1. Procedural problems 

2. Human error 

3. Facility and vehicle discrepancies 

4. Low frequency failures (one-time occurrences) 

5. Experimental hardware or procedures 

6. Secondary failures 

7 . Obsolete hardware 

8. Information type instrumentation failures 

Screen No. 4 . In addition, because the bulk of the failure data thus 
obtained originated from the expendable rocket engine experience, the UCRs 
were screened with respect to their impact on reusability. Also, where 
design information exists, the life of the component was compared to its 
design life. In addition, conditions that could have been monitored to 
detect the incipient failure were listed. 

Figure 5 shows the original data base that was available for the study and 
the reduction in numbers after the successive screening operations. 

4 ♦ Data Base After Screening 


Figure 6 shows the distribution among the several engine systems of the 
1771 UCRs that were left after screening. It is not surprising to note 
that over three-fourths of the retained UCRs come from engine systems that 
represent 85% of the delivered engines. 
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ENGINE 

SYSTEM 

INITIAL 
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AFTER 
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1 & 2 ** 

AFTER 

SCREEN 

3 4 
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148 

127 

FI 

13,140 

l,27i 

103 
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326 

326 
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1,849 
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•4,379 1 
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■Y APPROPRIATE CRITERIA DURING COMPUTER RETRIEVAL 
OF DATA. 


Figure 5. UCRs Applicable After Screening 



Figure 6. Distribution of UCRs by Engine Systems After Screening 
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FAILURE CHARACTERIZATION 


Figure 7 presents the format for evaluation of each failure mode at the 
Engine System and Component Level, and for listing the viable in-flight 
condition monitoring systems and between-f light inspection techniques that 
would be capable of detecting an incipient failure. Each failure mode 
represents an event during which the respective engine system failed to per- 
form according to specifications. 

Each component failure mode was evaluated and the following was determined: 

1. If the failure was predictable or unpredictable 

2. If the failure would be detectable in flight, on the ground, or 
not at all 

3. If the failure was functional or operational 

4. If the failure was primary or secondary 

5. If the failure caused performance degradation or was catastrophic. 

In addition, where design information exists, the life of the component was 
compared to its design life. Conditions that could have been monitored to 
detect the incipient failures are also listed. The successive screenings 
of the UCRs written against the failures of the matured applicable engine 
systems have reduced the number of pieces of information from over 84,000 
to 1771. 

The UCRs that passed all successive screening steps were grouped by engine 
systems prior to making an individual assessment. Within each engine system, 
the UCRs were analyzed and the failure was evaluated with the aid of drawings, 
schematics, exploded views and test data, when available. In addition, to 
assist in understanding the failure mechanism, an analysis of the sequence of 
events leading to the incident was made using a graphic illustration. This 
is later described in Failure Propagation Block Diagrams, and shown in Fig. 8. 

Based on the assessment, the UCRs were grouped in failure modes. The opera- 
tion was completed separately for each of the engine systems selected for the 
study. The resulting failure modes were then compared and integrated. This 
effort resulted in 16 modes for 1771 UCRs . 

All information collected from the failure reports was thus included in the 
forms, called summary sheets, that are submitted in Appendix B. A brief 
description of each failure mode is presented below. 

lA. Bolt Torque Relaxation 

A main oxidizer valve which controls the flow of propellant to the main com- 
bustion chamber, caught fire during engine operation, requiring premature 
engine shutdown. Investigation of the failure disclosed that a screw that 
secures one of the internal seals of the valve had become loose as a result 
of cavitation and vibration, and allowed fretting of aluminum assemblies in 
a liquid oxygen environment. 
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Figure 7 , Sample Failure Summary 









Figure 8. Sample - Failure Propagation Block Diagram 


The rubbing of the two metal parts caused heat and subsequent fire, and 
extensive damage. The valve was redesigned to eliminate this failure 
mode. 


IB . Bolt Torque Relaxation 

In another engine system, the same failure mode, bolt torque relaxation, 
caused the loosening of a seal retainer in the sequence valve of the main 
oxidizer valve, as a result of excessive vibration due to high flow velocity 
and/or engine vibration. This, in turn, allowed the pressurant gas (helium) 
to escape prematurely to the gas generator control valve open port, actua- 
ting this valve out of sequence. Premature operation of the gas generator 
control valve caused a detonation in the combustor with damage to the 
assembly. 

2 . Coolant Passage Splits 

The thrust chamber assembly, common to all engine systems, is the component 
that transforms the energy stored in the fuel into kinetic energy. This 
fluid is contained and directed by the sides of the thrust chamber. During 
engine operation, the thrust chamber is exposed to high pressure, to vibra- 
tion, to high temperature all in a brief period of time. The strength and 
the cooling capability of the thrust chamber is achieved through an 
Ingenious design. 
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Containment is accomplished by a series of circular bands that ring the 
thrust chamber, the lightness by using thin walls, and the cooling by 
recirculating fuel. The requirement of lightweight and high heat transfer 
capability is achieved by constructing the thrust chamber walls of tubes 
through which the fuel circulates. High thermal strains, stresses induced 
by vibration, surges during the ignition and transition stages, containment 
within the tubes causing obstructions and material deficiencies are some 
of the causes of failure of the cooling passages. Loss of coolant through 
the thrust chamber walls may cause loss in engine performance and loss of 
cooling capability which will lead to engine failure. 

3 . Joint Leakage 

All liquid propellant engine systems suffer from leakages from the inter- 
faces of the propellant and pressurant fluid ducting. Defects in material, 
improper installation causing damage to seals or sealing surfaces, warping 
or distortion of sealing surfaces due to thermal strains during engine start 
or operation, fastener torque relaxation during engine operation are causes 
of this failure mode. Effects on this failure mode vary depending upon the 
location and the type of leakage, and some of them have had catastrophic 
consequences . 

4 . Hot Gas Manifold Transfer Tube Cracks 

This failure mode is peculiar to one engine, which utilizes double-walled 
ducts to convey hydrogen-rich hot gases from the preburners to the high 
pressure fuel turbopumps. Excessive high temperature transients have caused 
hot spots or cracks on the inner wall (liner) which may evolve into a com- 
plete failure of the component with catastrophic effect. 

5 . High Torque 

High torque , as a result of rubbing the labyrinth seal in propellant pumps 
has been experienced in several engine systems. The seal consists of a 
series of land and grooves designed to minimize leakage from the high pres- 
sure side of the pump to the low pressure inlet side. Excessive temperature 
and vibration can lead to friction between the static and rotating parts 
thus increasing the torque of the turbopump with eventual subsequent 
failure. 

6 . Cracked Turbine Blades 

Generally, turbine blades are subjected during start and main stage opera- 
tion to high energy transients which could be due to pressure, temperature, 
or accoustical spikes leading to failure as a result of localized heating 
of turbine parts. Impact on turbine blades of debris and contaminants in 
the hot gases has also caused damage, with resultant loss of efficiency 
and imbalance of the turbine. 
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7. Failure of Bellows 


Flexible ducting is used to convey propellants between some components to 
avoid problems that afflict rigid ducting. The bellows are damaged by high- 
cycle fatigue, which is caused by high energy transients and high flow 
velocity. The effects of this mode of failure vary depending on the loca- 
tion of the duct, as well as on the type of fluid conveyed through the 
bellows . 

8 . Loose Electrical Connectors 

Some engines are more dependent on electrical controls than the previous 
generation of rocket engines, and have encountered instances where failures 
were reported caused by incomplete electrical circuits. The failures were 
due to connectors that loosened as a result of vibration from engine opera- 
tion. The consequences of this mode of failure vary according to the 
affected electrical circuit. 

8. Bearing Damage 


Excessive loading of bearings in the highly stressed turbomachinery may 
lead to wear-out and eventual failure. Contributing factors are excessive 
axial and radial loads, vibration, and friction, and the effects are generally 
catastrophic if not detected in time. 

10 . Tube Fracture 

The failure mode noted on one engine occurred on a particularly sensitive 
component that caused premature engine operation cutoff, and was the result 
of vibration- induced fatigue. 

11 . Turbopump Face Seal Leakage 

In the engine systems that utilize turbopumps to convey the propellant under 
pressure to the combustion chamber, it is imperative to prevent leakage along 
the rotating shaft. The seal leakage is especially critical in the engine 
systems that use a common shaft to power the fuel and the oxidizer pumps, 
because the mixing of propellant at that location has catastrophic con- 
sequences. The cause of the seal leakage is generally due to excessive 
temperature gradients, vibration, friction, or interface material damage 
since the seal has to prevent leakage in both a static and in a dynamic 
condition. 

12 . Lube Pressure Anomalies 

Several anomalies in the lube (oil) system have been noted during this inves- 
tigation, and all have been grouped in the same category as they affected pri- 
marily a subsystem peculiar to certain types of engine systems. The lubri- 
cation subsystem delivers oil under pressure to the turbopump gearcase for 
lubrication and cooling gears and bearings through jets and nozzles. The 
failures included in this category consist mainly of obstruction of the flow 
due to contamination. 
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13. Valve Falls to Perforin 


In this category, failures of different valves were Included. These failures 
were mainly caused by contamination or excessive friction. The effects upon 
the engine performance vary depending upon the function of the part. 

14 . Internal Valve Leakage 

This category comprises all those incidents in which an engine failure was due 
to internal leakage within valves. The several failure mechanisms which can 
lead to this condition are so noted in the summary sheet • 

15 . Regulator Discrepancies 

All regulator failures were grouped in this category since they pertain to 
a subsystem that is used in a few of the engine systems included in this 
study. The function of the regulator is to reduce pneumatic supply pressure 
to a required level and to maintain it at that level throughout engine 
operation. Malfunction was caused mainly by contamination. 

16 . Contaminated Hydraulic Control Assembly 

The failures that were included in this category are peculiar to one engine 
system. The hydraulic control assembly receives and directs hydraulic con- 
trol pressure in the proper sequence for the operation of the engine main 
valves during start and shutdown and controls also their position during 
mains tage operation. 

Viewing the number of UCRs that fell into the different categories gives an 
interesting picture of relative magnitude. The pie chart (Fig. 9) depicts 
the distribution of UCRs by failure mode and verifies what was known from 
previous experience; that the major problem that plagues liquid propellant 
rocket engines is leakage. Over three-fourths of UCRs are related to 
leakage, either internal to components, or external from joints. Thus the 
dependence on leak testing the engine systems at various stages of their 
life, and the reluctance to break into a subsystem for minor reasons, dis- 
turbing proven joints, is justified. 

All summary sheets for the 16 failure modes are presented in Appendix B. 
Revision to Failure Modes Listing 

Further evaluation of the 16 failure modes indicated that some should be 
dropped from the analysis. Consequently, failure modes 1 and 4 (bolt torque 
relaxation, and hot gas manifold transfer tube cracks) were excluded because 
the corrective action taken in both cases was redesign. Thus, under pre- 
viously established ground rules they would have been eliminated as not meet- 
ing the mature engine definition. They had escaped the screening because the 
redesign occurred on flight engines, which were by definition considered 
to be mature. 
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Figure 9. Distribution of UCRs Among Failure Modes 


Failure Mode 12, Lube system anomalies, was also deleted because it is not 
applicable to a reusable engine. 

It should also be noted that the Failure Mode and Effect Analysis of every 
engine system under consideration indicates other possible failure modes in 
addition to the 16 that were determined for this study. These additional 
failure modes have not been experienced in testing the mature engines, 
therefore, it has been established that further investigation was not 
warranted for an occurrence that has an extremely low frequency. 

In conclusion, the screening process has been effective in reducing a large 
amount of failure data to a manageable number by following a series of logi- 
cal steps saving only that information that could contribute significantly 
to the study. It also showed that most failure modes are common within the 
various engine systems. This gives more confidence in selecting these 
occurrences for determination of suitable in-flight condition monitoring 
devices and between flight inspection methods and equipment. 

FAILURE PROPAGATION BLOCK DIAGRAMS 

To support the study for the applicable in-flight condition monitoring devices, 
a method for depicting failure modes was provided to indicate the sequence of 
contributing events. 
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These events, usually an anomalous system performance, show the relationship 
between a symptom which could be monitored and the eventual failure of the 
engine system to perform. The analysis method was to attempt to slice the 
period of time in which the failure develops into small increments and sur- 
vey the changes that occur. Isolating the contributing factors in time 
assisted in the selection of suitable sensors. As depicted in Fig. 10, the 
events are shown as rectangles, and the sequence, left to right, indicates 
passage of time. 

The failure propagation block diagrams included in this report (Appendix C) 
are typical for each failure mode listed and were not repeated for each 
different engine system, which may have a similar mode for slightly differ- 
ent components. 

Flight Failures 

To complete the failure investigation of the concerned engine systems, it was 
deemed necessary to examine also the flight failures caused by these systems 
over the years, since these occurrences were not covered by UCRs but by 
special reports. This examination resulted in preparation of failure propaga- 
tion block diagrams similar to those discussed in the previous pages. These 
charts do not indicate sensing devices, since most of the flights were 
boosted by engine systems developed for military use, which carried limited 
instrumentation. The theory under which these engine systems were designed 
and tested was to get the vehicle off the launch pad whether it was func- 
tioning properly or not. The engines were generally devoid of monitoring 
devices and the shutdown controls were inactive before a predetermined opera- 
ting duration, the alternative being the destruct button. 



Figure 10. Sample Failure Propagation Block Diagram 
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It can be clearly seen that the charts illustrating the failures indicate 
possible points in the propagation of the failure where detection of the 
incipient failure could have limited damage to the engine and to the vehicle. 

FAILURE DATA CONCLUDING REMARKS 

The analysis and evaluation of the 1771 failure reports screened from the 
tens of thousands of UCRs in the Reliability Data Repository resulted in a 
summary presented in Fig. 11 and accounts for only 16 failure modes. 

Examination of the data surveyed during the performance of Task I did not 
reveal any surprises, except that the expected number of failure modes 
encountered in 30 years of testing and flying rocket engines was rather 
small. 

As expected, the Atlas engine system, which consists of 3 separate engines, 
exhibited most failure modes- eleven. 

Another feature that appeared during this investigation is the commonality 
of failure modes among the various engine systems. That is not surprising, 
since the similarity in configuration between most of the engines. The 
failure modes that appeared only on one engine system are those that occurred 
on a component peculiar to one system (like hot gas manifold transfer tube 
cracks, or Hydraulic Control Assembly) or because the engine system is more 
dependent than others for successful operation on proper functioning of the 
component (Failure Mode 8, Loose Electrical Connectors). 
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Figure 11. Summary and Distribution Per Engine System 
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IN-FLIGHT CONDITION MONITORING 


The Task II objective was to identify those in-flight condition monitoring 
devices, with an assessment of their maturity, which could detect rocket- 
engine generic failure modes resulting from Task I. Several sequential 
studies were conducted to this goal: A comprehensive literature search and 

review generated a list of novel, state-of-the-art (SOTA) and conventional 
sensors (Appendix E) , Correlation with potential measurands applicable to 
the previously experienced failures, plus some practical considerations, 
pared this list to a manageable, relevant level for deeper analysis 
(Appendix F) . 

The comparison of competing technologies was evaluated with a screening 
system (Appendix G) . The selected technologies were compared for technical, 
economical and temporal factors which yielded a final list of ranked failure- 
detection technologies. 

SURVEY 

The literature survey established a baseline for existing state-of-the-art 
and novel technology used for condition monitoring on in-flight systems. 

The survey revealed those sensors and monitoring systems used most frequently 
for diagnostic and prognostic purposes. The survey was well rounded in that 
it covered industrial processes, ground transportation, and the electronics 
field, as well as aircraft and aerospace. From the surveyed 89 articles, 

20 novel and 14 state-of-the-art sensors were found that may be applicable 
to on-board rocket-engine condition monitoring. These sensors are listed 
in Table 1, along with the sensors already used in in-flight rocket-engine 
applications. 

INTRODUCTION 

A portion of the Task II effort was devoted to conducting a literature 
search for in-flight condition-monitoring technologies that would be appli- 
cable to a reusable rocket engine. The survey for condition-monitoring 
systems covered the fields of aircraft and aerospace, transportation, 
industrial processes, the medical Industry and electronics. The results 
of the literature search, including uncovered novel and state-of-the-art 
condition monitoring devices, are presented in Appendix E. 

FAILURE MONITORING SENSOR ASSESSMENT 

The potential condition-monitoring detection technologies were to be 
examined to determine their suitability for detection of the 16 failure 
modes obtained from Task I. This was achieved by first transforming the 
failure modes into the measurands that could potentially be detected by 
sensors. To obtain all the measurands of each failure mode, the failure 
mode was analyzed to determine the stages leading to its incidence and 
identify corresponding measurands capable of detecting each stage of the 
failure. 
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TABLE 1. IDENTIFIED, IN-FLIGHT DIAGNOSTIC SENSORS 


« 



COMMONLY USED IN 
ROCKET ENGINES 

• RESISTIVE TEMPERATURE 
DETECTOR 

• STRAIN-GAGE PRESSURE 

• MAGNETIC PICKUP 

• POSITION (POTENTIOMETERS, 
RVDT, LVDT) 

• THERMOCOUPLE 

• PIEZOELECTRIC ACCELEROMETER 

• PIEZOELECTRIC PRESSURE 

• TURBINE FLOWMETER 

• THERMOPILE CALORIMETER 

• FOIL RADIOMETER 


STATE OF THE ART BUT NOT USED 
IN ROCKET ENGINES 

• SOLID STATE THERMOMETER 

• DIGITAL QUARTZ PRESSURE 

• CORIOLIS MASS FLOWMETER 

• ULTRASONIC FLOWMETER 

• TARGET FLOWMETER 

• HALL TACHOMETER 

• WIEGAND TACHOMETER 

• FIBEROPTIC TACHOMETER 

• MAGNETOSTRICTIVE 
TORQUEMETER 

• HYDROPHONE 

• ULTRASONIC EXTENSOMETER 

• PYROMETER 

• EDDY-CURRENT DETECTOR 

• ULTRA VIOLET FLAME DETECTOR 


NOVEL ADVANCED TECHNOLOGY 

DEVICES 

• BETA-RAY DENSIMETER, 
THERMOMETER 

• ULTRASONIC THERMOMETER 

• FLUIDIC THERMOMETER 

• FIBEROPTIC PRESSURE 

• LASER DIGITAL PRESSURE 

• SURFACE -ACOUSTIC-WAVE 
PRESSURE 

• FERROMAGNETIC TORQUEMETER 

• ISOTOPE WEAR DETECTOR 

• FIBEROPTIC DEFLECTOMETER 

• EXO-ELECTRON EMISSION 
DETECTOR 

• POLAROGRAPH 

• OPTICAL ACOUSTIC-EMISSION 
DETECTOR 

• ELECTRO-OPTICAL EXTENSOMETER 

• TUNABLE DIODE LASER 
SPECTROMETER 

• RAMAN-LASER SPECTROMETER 

• LASER-SCATTERING DENSIMETER, 
VELOCIMETER 

• TUNGSTEN-CAP CALORIMETER 

• FIBEROPTIC HYGROMETER 

• EMAT (ELECTROMAGNETIC 
ACOUSTIC TRANSDUCER) 

• NEUTRON-RAY CORROSION 
DETECTOR 



Figure 12 shows an example of the stages of a failure-mode propagation 
diagram depicted in rectangular blocks, and the in-flight and between- 
f light detection measurands presented in ovals and diamonds, respectively. 
The remaining failure modes, including their failure detection measurands, 
are presented in Appendix 1. A total of 23 distinct in-flight measurands 
are derived and presented in Table 2 according to their failure modes. 


FAILURE MODE 2 



Figure 12. In-Flight and Between Flight Measurands for 
Detection of Nozzle Failure 

Next, the novel, state of the art, and current advanced rocket-engine 
sensors, shown in Table 1, combined with conventional industrial sensors 
were matched with these measurands. The result was a matrix, shown in 
Table 3, that relates the in-flight potential failure-detecting devices 
to the 16 failure modes. In this matrix, N, S, R, and C denote novel, 
state of the art, rocket-engine and conventional sensors, respectively. 


SENSOR SELECTION AND RANKING 

The matched sensors of Table 3 were next graded and ranked. The in-flight 
condition-monitoring technologies required grouping them into direct and 
indirect condition-monitoring categories .for application of clear-cut 
screens. A direct condition-monitoring technology detects how a component 
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TABLE 2. FAILURE DETECTING MEASURANDS 


FAILURE MODES 

MEASURANDS 

1 - BOLT TORQUE RELAXATION 

VIBRATION 

FRETTING 


ACOUSTICS 

EXTENSION 


LEAK 


2 - COOLANT- PASSAGE LEAKAGE/ 

METAL EMBRITTLEMENT 

MIXTURE RATIO SHIFT 

RESTRICTION 

PRESSURE TRANSIENT 

TEMPERATURE RISE IN COMBUSTION 


FLOW, REDUCTION 


3 - JOINT LEAKAGE 

LEAK 

FIRE 

4 - TRANSFER TUBE CRACK 

TEMPERATURE TRANSIENT 

FATIGUE 


MIXTURE RATIO SHIFT 


5 - HIGH TURBOPUMP TORQUE 

TORQUE, RIPPLES 

WORN PARTICLES 


TEMPERATURE. SEALS 

RPM TAILOFF 


VIBRATION 

CONTAMINANTS 


ACOUSTICS 


6 - CRACKED TURBINE BLADE 

FATIGUE 

VIBRATION 


TEMPERATURE TRANSIENT 

ACOUSTICS 


PRESSURE, TRANSIENT 

BALANCE 

7 - CRACKED CONVOLUTION, BELLOWS, 

TEMPERATURE, TRANSIENT 

ACOUSTICS 

SHIELDS 

PRESSURE, TRANSIENT 

VIBRATION 

8 - LOOSE ELECTRICAL CONNECTORS 

TORQUE, RELAXATION 

SEPARATION 


CONTINUITY, INTERMITTENT 


9 - BALL BEARING DAMAGE 

TEMPERATURE, EXCESSIVE RACE 

RPM TAILOFF 


VIBRATION 

FATIGUE 


ACOUSTICS 

CONTAMINANT 


TORQUE, RIPPLES 

BALANCE 


WORN PARTICLES 


10 - SMALL TUBE FRACTURE 

VIBRATION 

DEFORMATION 


EXTENSIVE 


11 - TURBOPUMP SEAL LEAKAGE 

TEMPERATURE. EXCESSIVE 

RPM FAILOFF 


VIBRATION 

CONTAMINANT 


WORN PARTICLES 


12 - LUBE PRESSURE ANOMALIES 

PRESSURE, DIFFERENTIAL 

CONTAMINANT 


FLOW, REDUCTION 


13 - VALVE FAILURE 

MOISTURE, DEWING 

PRESSURE, ACTUATION 


CONTAMINANT 


14 - INTERNAL LEAKAGE 

WORN PARTICLES 

VIBRATION 


ACOUSTICS 

TEMPERATURE, TRANSIENT 

15 - REGULATOR DISCREPANCIES 

CONTAMINANTS 

WORN PARTICLES 


LEAK 


16 - CONTAMINATED HYDRAULICS 

CONTAMINANT 

WORN PARTICLES 


LEAK 
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TABLE 3. IN-FLIGHT CONDITION MONITORING DETECTION TECHNOLOGIES 
ACCORDING TO FAILURE MODES AND THEIR MEASURANDS 






is, whereas the indirect technology detects what the component does in 
regard to the engine operation (temperature , .pressure , flow, speed and 
thrust). It was with the help of this distinction that it was possible 
to apply the speed (of a few milliseconds) screen to the indirect techno- 
logies, to detect the process transients. In contrast, the speed screen 
was not applicable to direct technologies. For example, relatively slow 
pressure build up in a contained joint, indicating a slow leak, is best 
sensed directly by a pressure sensor. Fast response time for this trending- 
type observation is not significant. 

Upon thorough review of various screens only four distinct screens were 
determined to be unequivocal. Two of these screens were valid only for 
indirect condition-monitoring technologies; namely speed and failsafeness. 
The other two were applicable only to the direct condition-monitoring 
technologies, i,e., bulkiness and numerosity. 

For indirect technologies it is necessary to capture the frequency and 
amplitude of transients of process (flow, pressure, temperature, rpm) 
measurements. In rocket engines these transients are typically a few 
milliseconds in duration. By totalizing the transients it may be possible 
to determine the maximum stress exposures, which provides information 
regarding the remaining life of the component. Conventionally, however, 
process sensors are designed with damping to generate an average signal. 

This eases controlling of the process measurand. 

The second indirect screen is failsafeness, which implies no catastrophic 
hazard to the engine if the measuring device malfunctions. With the aid 
of these four go-no-go screens, the 33 direct condition-monitoring tech- 
nologies were reduced to 12 and the 33 indirect technologies were reduced 
to seven as shown in Tables 4 and 5. 

Upon examination of the acceptably screened direct-diagnostic sensors, 
five devices were recognized as possessing well established limitations 
regarding their rocket engine applicability. To preclude carrying these 
well-known conventional instruments any further in ranking, their utility 
was termined. The five sensors, comprised of strain gage and piezoresistive 
accelerometers and nickel, semiconductor and the thermocouple thermometers, 
are denoted by a deletion sign in Table 6 resulting in only 12 direct 
condition-monitoring technologies remained for grading and ranking. 

In all, only 19 technologies, consisting of 11 novel, 6 state-of-the-art 
and 2 rocketry were acceptable for further grading and ranking. 

GRADING AND RANKING 

Upon successful application of the four screens, 19 technologies remained 
to be graded and ranked. 

A consistent and methodic rationale was needed to grade all these techno- 
logies. To conceive such a rationale, each detection technology is 
depicted by the liabilities (or penalties of that technology) versus its 
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TABLE 4. IN-FLIGHT DIRECT -DIAGNOSTIC SENSOR SCREENING - 


SENSOR TYPES 

SENSOR^ 

STATUS 

BULKY 

NUMEROUS^ 

ACCEPTABLE SENSORS^ 

ACCELEROMETERS: 


- 

- 

ACCELEROMETERS: 

STRAIN-GAGE 

C 

NO 

NO 


PIEZOELECTRIC 

R 

NO 

NO 

PIEZOELECTRIC 

PIEZORESISTIVE 

S 

NO 

NO 


HYDROPHONES: 


- 

- 

HYDROPHONES 

PIEZOELECTRIC 

S 

NO 

NO 

PIEZOELECTRIC 

FLAME DETECTORS: 


- 

- 


RADIOMETER 

s 

NO 

YES 

- 

TORQUEMETERS: 


- 

- 

TORQUEMETERS: 

MAGNETOSTRICTIVE 

s 

YES 

NO 

- 

RELUCTIVE 

s 

YES 

NO 

- 

STRAIN-GAGES, AC OR DC 

C 

YES 

NO 

- 

OPTICAL 

c 

YES 

NO 

- 

DIGITAL, FERROMAGNETIC 

N 

NO 

NO 

DIGITAL, FERROMAGNETIC 

DISPLACEMENT METERS: 


- 

- 


STRAIN-GAGES 

c 


YES 

_ 

LVDT/RVDT3 

R 

- 

YES 

- 

POTENTIOMETRIC 

C 

- 

YES 

- 

DIGITAL ENCODER 

R 

- 

YES 

- 

CAPACITIVE 

C 

- 

YES 

- 

ULTRASONIC EXTENSOMETER 

S 

- 

YES 

- 

EDDY CURRENT 

S 

- 

YES 

- 

OPTICAL EXTENSOMETER 

N 

- 

YES 

- 

ISOTOPE WEAR DETECTOR 

N 

NO 

NO 

ISOTOPE WEAR DETECTOR 

FIBEROPTIC BEARING DETECTOR 

N 

NO 

NO 

FIBEROPTIC BEARING DETECTOR 

EXO-ELECTRON MISSION 

N 

NO 

NO 

EXO-ELECTRON EMISSION DETECTOR 

DETECTOR 





POLAROMETER 

N 

NO 

NO 

POLAROMETER 

OPTICAL ACOUSTIC-EMISSION 

N 

YES 

NO 

- 

DETECTOR 





TUNABLE-LASER SPECTROMETER 

N 

NO 

NO 

TUNABLE-LASER SPECTROMETER 

RAMAN-LASER SPECTROMETER 

N 

YES 

NO 

- 

PRESSURIZED LEAK DETECTOR 

R 

NO 

YES 


EDDY-CURRENT DETECTOR 

S 

NO 

NO 

EDDY CURRENT DETECTOR 

EMAT^5 

N 

NO 

NO 

EMAT 

THERMOMETERS:- 


- 

_ 

THERMOMETERS 

NICKEL RTD ^ - 

C 

NO 

NO 

NICKEL RTD 

PLATINUM RTD ^ 

1 R 

NO 

NO 

PLATINUM RTD 

SEN I CONDUCTOR 

i C 

NO 

NO 

SEMICONDUCTOR 

THERMOCOUPLE 

i ^ 

NO 

NO 

THERMOCOUPLE 

PYROMETER 

S 

^ NO 

NO 

PYROMETER 

TOTAL: 33 


12 

^C = CONVENTIONAL, R = ROCKET 

, S = STATE OF THE ART, N = NOVEL 

"^MORE THAN 10 SENSORS PER ENGINE IS CONSIDERED 

AS TOO MANY 

CLUTTERED 

'^LVDT = LINEAR VARIABLE DIFFERENTIAL TRANSFORMER 


= RESISTIVE TEMPERATURE 

DETECTOR 




^EMAT = ELECTROMAGNETIC ACOUSTIC TRANSDUCER 






TABLE 5. IN-FLIGHT INDIRECT -DIAGNOSTIC SENSOR SCREENING 



SENSOR^ 

9 



SENSOR TYPES 

STATUS 

FAST^ 

FAILSAFE 

ACCEPTABLE SENSORS 

PRESSURE TRANSDUCERS: 


■i 

■mu 

PRESSURE TRANSDUCERS: 

PIEZORESISTIVE DIAPHRAGM 

S 

B9 



PIEZORESISTIVE BRIDGE/CIRCUIT 

S 



_ 

DEPOSITED METAL BRIDGE 

R 

■H 

YES 

- 

BONDED STRAIN-GAGE BRIDGE 

C 

N03 

YES 

_ 

DEPOSITED THIN FILM 

R 

N03 

YES 

- 

DIGITAL QUARTZ RESONATOR 

$ 

YES 

YES 

DIGITAL QUARTZ RESONATOR 

POTENTIOMETRIC 

C 

NO 

YES 

- 

DIGITAL CYLINDRICAL RESONATOR 
LVOT^ 

S 

C 

NO 

NO 

YES 

YES 

- 

CAPACITIVE 

C 

NO 

YES 

- 

PIEZOTRANSISTIVE 

S 

YES 

NO 

- 

SILICON ON SAPPHIRE 

S 

YES 

NO 

- 

FIBEROPTIC 

N 

YES 

YES 

FIBEROPTIC 

LASER DIGITAL 

N 

YES 

YES 

LASER DIGITAL 

SURFACE ACOUSTIC WAVE 

N 

YES 

YES 

SURFACE ACOUSTIC WAVE 

THERMOMETERS: 




THERMOMETERS: 

NICKEL RT05 

C 

NO 

NO 

- 

PLATINUM RTD 

R 

NO 

NO 

- 

SEMICONDUCTOR (THERMISTOR) 

C 

NO 

NO 

- 

TERMOCOUPLE 

C 

NO 

NO 

- 

BETA- RAY 

N 

YES 

NO 

- 

UNTRASONIC 

N 

YES 

YES 

ULTRASONIC 

FLUIDIC 

N 

NO 

NO 

- 

TACHOMETERS: 




TACHOMETERS: 

OPTICAL 

S 

YES 

YES 

OPTICAL 

MAGNETIC PICKUP 

R 

YES 

NO 

- 

HALL EFFECT 

S 

YES 

NO 

- 

WIEGAND EFFECT 

S 

YES 

NO 

- 

FLOWMETERS: 




FLOWMETERS: 

OPTICAL 

S 

NO 

YES 

-■ 

THERMAL 

S 

NO 

NO 

- 

CORIOLIS 

S 

NO 

YES 

- 

ULTRASONIC 

S 

YES 

YES 

ULTRASONIC 

VORTEX SHEDDER 

S 

YES 

NO 

- 

TURBINE 

R 

YES 

NO 

- 

TARGET 

C 

YES 

NO 

- 

TOTAL: 33 


7 

= CONVENTIONAL, R = ROCKET. S = 

= STATE OF THE ART, 

N = NOVEL 


^FAST = FAST RESPONSE (A FEW MILLISECONDS IS REQUIRED FOR TRANSIENTS) 

^EXCESSIVE THERMAL LAG 





^LVDT = LINEAR VARIABLE DIFFERENTIAL TRANSFORMER 



^RTD = RESISTIVE TEMPERATURE DETECTOR 












TABLE 6. VIABLE IN-FLIGHT CONDITION-MONITORING SENSORS 


IN-FLIGHT SENSORS 

FAILURE MODES 

2-COOLANT-PASSAGE 

LEAKING/RESTRICTION 

5-HIGH TURBOPUMP 
TORQUE 


7-CRACKED CONVOLUTION, 
BELLOWS, SHIELDS - 

9- BALL BEARING 
DAMAGE 

n -TURBOPUMP 
SEAL LEAKAGE 

13- VALVE FAILURE 

14- INTERNAL LEAKAGE 

15- REGULATOR 
DESCREPANCIES 

DIGITAL QUARTZ PRESSURE SENSOR 

S 


s 

S 



S 



FIBEROPTIC PRESSURE SENSOR 

N 


N 

N 



N 



DIGITAL LASER PRESSURE SENSOR 

N 


N 

N 



N 



SURFACE ACUOSTIC WAVE PRESSURE SENSOR 

N 


N 

N 



N 



ULTRASONIC THERMOMETER 

N 

N 

N 

N 

N 

N 

N 



OPTICAL TACHOMETER 


<: 



11 

c 

c 


M 


ULTRASONIC FLOWMETER 

•S 

o 




o 


IN 


PIEZOELECTRIC ACCELEROMETER 


R 

R 

R 

R 

R 


R 


PIEZOELECTRIC HYDROPHONE 


s 

s 

s 

s 



S 


FERROMAGNETIC TORQUEMETER 


N 



N 





ISOTOPE WEAR DETECTOR 


N 



N 

N 


N 

N 

FIBEROPTIC BEARING DETECTOR 



N 


N 





EXO- ELECTRON DETECTOR 



N 


N 





POLAROGRAPH 

N 



, 






TUNABLE DIODE-LASER SPECTROMETER 

N 


N 


N 

N 

N 

N 

N 

EDDY CURRENT DETECTOR 



S 







PLATINUM RTD* ** 

R 

R 

R 

R 

R 

R 


R 


PYROMETER 



S 

S 






EMAT*** 



N 


N 





PERFECT SCORE 











*FAILURES NO. 1, 4, AND 12 ARE OBVIATED BY IMPROVED DESIGN, FAILURES 
NO. 3, 8, 10, AND 16 ARE NOT APPROPRIATE FOR IN-FLIGHT DIAGNOSTICS. 

**RTD = RESISTIVE TEMPERATURE DETECTOR 

***EMAT = ELECTRO-MAGNETIC ACOUSTIC TRANSDUCER 

LEGEND 

N = NOVEL TECHNOLOGY 
S = STATE OF THE ART TECHNOLOGY 
R = ROCKET TECHNOLOGY 
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virtues (or rewards); the higher the net virtues the better the technology. 
Both liabilities and virtues were divided into two categories which facili- 
tate their coinparison, economic and technical. Thus, the economic liabi- 
lities consist of the expenditure to develop and integrate the technology 
and the economic virtues represent the return on the investment in terms' of 
inspection-labor saving and hazard detection and prevention. The technical 
virtues on the other hand, consist of elements called lumped descriptors 
which describe the ability of the technology to detect accurately, correctly, 
constantly and safely. 

The salient descriptors of each of these lumped descriptors were selected. 

The result is shown in Table 7 . It should be noted that the signal-condi- 
tioning and data-processing requirements are included under the electronic 
group of technical liabilities and are not considered separately elsewhere. 

Subsequently, quantitative values (scores) were assigned to each lumped 
descriptor based on a consistant grading scale. 

One additional dimension was added to the comparative ratings. This factor, 
development time, is related to a program schedule which can influence the 
viability of the technology according to the need and application deter- 
mined by specific programs. 


TABLE 7. TECHNICAL AND FINANCIAL DESCRIPTOR CATEGORIES AND DESCRIPTORS 


TECHNICAL REQUIREMENTS 

TECHNICAL PERFORMANCE 

EXPENDITURES 

• PHYSICAL 

WEIGHT 

SPACE 

STRENGTH 

MATERIAL 

CHEMICALS 

RESONANCE 

FATIGUE 

• ELECTRONIC 

POWER, CONSUMPTION 

VOLTAGE 

CURRENT 

WIRING 

FILTERING 

AMPLIFICATION 

ANALOG/OIGITAL 

MEMORY REQUIREMENTS 

SIGNAL CONDITIONING 

LINEARIZATION 

SHIELDING 

• FUNCTIONAL 

INTRUSIVE 

POWER 

• DETECTIBILITY 

SPEED 

ACCURACY 

REPEATABILITY 

SENSITIVITY 

RESOLUTION 

DRIFT 

ARTIFACTS 

SUSCEPTIBILITY 

• DURABILITY 

RECALIBRATION 

INSPECTION 

LIFE 

• SAFETY 

FAIL SAFETY 
FAILURE EFFECTS 

• R&D 

• INTEGRATION 
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Using a 0 through 10 relative scale for each lumped descriptor, the detec- 
tion technologies for each failure mode were numerically graded. To be as 
objective as possible, each technology was graded according to its own 
features, independent of its utility or need criticality. The functional, 
detectability, and safety categories were considered more important, hence 
were assigned a twofold weighting factor relative to the physical, elec- 
tronic and durability categories; the rationale being that if you cannot 
measure the failure without burdening and hazarding the rocket engine, it 
does not matter how small, durable or electronically demanding the detec- 
tion technology is. An example of each such rating is shown in Table 8. 

This table is divided into direct and indirect condition monitoring groups 
which are henceforth ranked independently. Indirect condition monitoring, 
to detect a failure, requires extensive data processing to correlate engine 
operational parameters under varying loads, rpm, temperatures, pressures. 

Direct condition monitoring, in contrast, requires very little data process- 
ing because it monitors the condition of the component independent of the 
propellant temperature, pressure, or flow. 

In all, nine similar tables were completed and are included as Appendix G. 

It is noted that, of the original 16 failure modes, not all were developed 
into technology rankings. Three modes were eliminated and four were not 
detectable through any viable in-flight condition-monitoring means. 

Next, the technical, financial, and development-time ranks of each techno- 
logy were added together yielding the overall grade for the technology. 

The technical rank was weighted significantly higher than the other ranks: 
the rationale was based on the fact that any technology, regardless of 
how well developed it is for non-rocket industry application, still requires 
a significant amount of testing, adaptation, and modification efforts and 
expenditures before it can be flown in a rocket engine. 

The outcome of the detection technology grading and the corresponding rank- 
ings is summarized in Table 9. Table 10 identifies the ultrasonic thermo- 
meter and flowmeter as to the two top-ranking, most promising indirect con- 
dition-monitoring technologies, followed by digital quartz pressure sensor 
and optical tachometer. These four technologies combined could indirectly 
detect eight generic failure modes, but they require extensive in-flight 
engine-parameter correlation , trending , thresholding , totalizing , data 
processing, etc. The same table identifies pyrometer, fiber-optic deflec- 
tometer, isotope wear detector and tunable diode-laser spectrometer as the 
most promising direct condition-monitoring technologies capable of in-flight 
detection of all nine failure modes. 

CONCLUDING REMARKS 

In summary, the computerized literature search, from an on-line six-million- 
citation data bank yielded a review of 289 abstracts and 78 articles. From 
this review, 20 novel and 14 state of the art in-flight condition-monitor- 
ing technologies were identified. 
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TABLE 8. TECHNICAL AND ECONOMICAL GRADING OF IN-FLIGHT DIAGNOSTIC 
SENSORS FOR DETECTION OF COOLANT PASSAGE LEAKAGE/RESTRICTION (#2) 


OESCmfTORS 



TECHNICAL 




ECONOMICAL 





REQUIREMENTS 



FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


TIK 

1 

«E 

TOTAL 

SENSORS 

PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

> 

t 

5 

< 

K 

O 

Ul 

K 

Ui 

O 

SAFETY 

DURARILiTY 

TECHNICAL 

O 

41 

c 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

» 

20 

20 

10 

90 




10 

0 

10 

110 

PRESSURE SENSORS 















QUARTZ. DIGITAL 

7 

3 

18 

6 

18 

8 

60 

50 

250 

300 

7 

1 

9 

76 

FIBEROPTIC 

7 

2 

18 

6 

18 

8 

59 

200 

250 

450 

5 

3 

7 

71 

LASER DIGITAL 

7 

3 

18 

6 

18 

7 

59 

300 

250 

550 

4 

4 

6 

69 

SAW, DIGITAL 

7 

3 

18 

6 

18 

7 

59 

200 

250 

450 

5 

2 

8 

72 

ULTRASONIC THERMOMETER. 

6 

5 

20 

12 

20 

6 

69 

100 

200 

300 

7 

3 

7 

83 

FLAME 















ULTRASONIC FLOWMETER, 

10 

5 

20 

6 

20 

9 

70 

50 

150 

200 

8 

2 

8 

86 

NOZZLE 















POLAROGRAPH 

2 

4 

10 

14 

10 

4 

44 

250 

450 

700 

3 

6 

4 

51 

TUNABLE DIODE LASER 

8 

5 

19 

12 

19 

7 

60 

300 

300 

600 

4 

6 

4 

68 

SPECTROMETER 
MIXTURE RATIO 















1 - IN THOUSANDS 
















NOTE: THE REMAINING TABLES ARE PRESENTED IN APPENDIX G. 




TABLE 9. IN-FLIGHT CONDITION -MON I TOR TECHNOLOGY RANKING 


IN-FLIGHT SENSORS 

RANK 

GRADE* 

FAILURE MODES 

1- 

o 

1- 

TECHNICAL 

ECONOMIC 

DEVELOPMENT 

2-COOLANT PASSAGE 
LEAKAGE/RESTRICTION 

5-HIGH TURBOPUMP 
TORQUE 

LU 

z: 

«— 4 

CO 

on 

=> 

h- 

o 

LU 

(_> 

ss 

o c 

i —1 
V£> CD 

7-CRACKED CONVOLUTION 
BELLOWS, SHIELDS 

UJ 

o 

Q 

O 

2T 

cn 

c 

LU 

CD 

—1 

1 

as 

11 -TURBOPUMP SEAL 
LEAKAGE 

LU 

on 

ZD 

_l 

3 

Li_ 

LU 

> 

-U 

<c 

t 

CO 

14- INTERNAL LEAKAGE 

15-REGULATOR 

DISCREPANCIES 

INDIRECT 








m 







ULTRASONIC THERMOMETER 

1 

83 

69 

7 

7 

N 

N 


N 

N 

N 


N 


ULTRASONIC FLOWMETER 


81 

65 

8 

8 

S 









DIGITAL QUARTZ PRESSURE SENSOR 


78 

62 

7 

9 

s 


S 

S 



s 



OPTICAL TACHOMETER 


76 

62 

6 

8 


S 



s 

S 




SURFACE ACOUSTIC WAVE PRESSURE SENSOR 


74 

61 

5 

8 

N 


N 

N 



N 



FIBEROPTIC PRESSURE SENSOR 


73 

61 

5 


N 


N 

N 



N 



DIGITAL LASER PRESSURE SENSOR 


71 

61 

4 


N 


N 

N 



N 



DIRECT 















PYROMETER 

1 

85 

71 

6 

8 



S 

S 






ISOTOPE WEAR DETECTOR 


82 

71 

4 



N 



N 

N 


N 

N 

FIBEROPTIC DEFLECTOMETER 


82 

71 

4 




N 


N : 





TUNABLE DIODE-LASER SPECTROMETER 

KB 

79 

71 

4 


N 


N 


N 1 

N 

N 

N 

N 

PIEZOELECTRIC ACCELEROMETER 

■ 

78 

64 

7 



R 

R 

R 

5 i 

R 


R 


PIEZOELECTRIC HYDROPHONE 


78 

62 

8 



S 

S 

S 

S 



S 


FERROMAGNETIC TORQUEMETER 


76 

72 

3 



N 



N 





PLATINUM RTD (RESISTANCE TEMPERATURE 


73 

58 

7 

a 

R 

R 

R 

R 






DETECTOR) 















EMAT (ELECTROMAGNETIC ACOUSTIC 


62 

51 

5 




N 


N 1 





TRANSDUCER) 










s 1 



! 


EDDY CURRENT DETECTOR 


62 

49 

6 

B 



S 







EXO-ELECTRON DETECTOR 


58 

51 

4 

B 



N 


N 





POLAROGRAPH 

■ 

51 

44 

3 

B 

N 


1 



H 




PERFECT SCORE 


no 

ig 

10 

10 











LEGEND 

N = NOVEL TECHNOLOGY 
S = STATE-OF-THE-ART TECHNOLOGY 
R = ROCKET TECHNOLOGY 

* = THE HIGHEST SCORE AMONGST VARIOUS FAILURE MODES 


32 

























TABLE 10. IN-FLIGHT CONDITION-MONITOR TECHNOLOGY RANKING 


IN-FLIGHT SENSORS 

FAILURE MODES 

2-COOLANT PASSAGE 
LEAKAGE/ RESTRICTION 

5-HIGH TURBOPUMP TORQUE 

6-CRACKED TURBINE BLADE 

7-CRACKED CONVOLUTION, 
BELLOWS, SHIELDS 

9- BALL BEARING DAMAGE 

n -TURBOPUMP SEAL 
LEAKAGE 

13- VALVE FAILURE 

14- INTERNAL LEAKAGE 

15- REGULATOR 
DISCREPANCIES 

DIRECT 










FIBEROPTIC DEFLECTOMETER 



80 


® 





PYROMETER 




® 


79 


79 

A 

TURNABLE DIODE-LASER SPECTROMETER 

78 




82 

82 

® 

82 

@ 

ISOTOPE WEAR DETECTOR 


79 - 



79 

79 

75 

79 

78 

INDIRECT 










ULTRASONIC THERMOMETER 

® 

® 






® 


OPTICAL TACHOMETER 




83 

® 



ULTRASONIC FLOWMETER 

81 









DIGITAL QUARTZ PRESSURE SENSOR 

76 


78 

78 



78 
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Next, the 16 failure modes and failure propagation diagrams were analyzed, 
resulting in 23 distinct in-flight failure-detecting measurands. These 
measurands were then correlated with novel, state of the art, rocket-engine 
and conventional technologies resulting in 33 direct and 33 indirect 
potential condition-monitoring technologies. 

A selection approach was applied successfully using four nonequivocal 
screens and several lumped descriptors. The screening process rejected 
inapplicable technologies. The lumped descriptors were employed for 
grading arid ranking of the remaining 19 applicable in-flight condition- 
monitoring technologies. 

The ranking was achieved by assigning relative numerical grades to each 
device feature. Since these technologies vary in their state of maturity 
and utility, they were graded and ranked assuming they are completely 
developed and are used for only one failure mode at a time. 

Such an approach resulted in identifying four top-ranking direct condition- 
monitoring devices capable of detection of all failure modes and four top- 
ranking indirect condition -monitoring devices capable of detection of eight 
out of nine failure modes: 

The direct condition-monitoring devices are: 

1. Pyrometer detects rotating-blade temperature 

2. Isotope wear detector detects bearing, rotary-seal 
and valve-seat wear. 

3. Fiberoptic def lectometer detects bearing loading and 
deflection 

4. Tunable diode-laser Spectrometer detects nonmetal wear 
The indirect condition-monitoring devices are: 


1. 

Ultrasonic 

thermometer 

2. 

Ultrasonic 

flowmeter 

3. 

Digital quartz pressure sensor 

4. 

Fiberoptic 

tachometer 


It should be noted here that other technologies such as Raman spectroscopy, 
ferromagnetic torquemetering and exo-electron detection, although eliminated 
by this screening and grading process, have unique condition-monitoring 
capabilities and should be carefully followed for any major breakthrough 
which could render them applicable to in-flight condition-monitoring. 
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BETWEEN-FLIGHT INSPECTION 


This task determined the between-! light inspection requirements that would 
provide engine component reverification and remaining life assessment for 
those failure-prone components Identified in Task I. The applicability of 
between-f light inspection technologies and their implications on engine 
design and operation were evaluated with respect to those requirements. 

The upgrading or development required of each technology was also identified. 

^ An approach similar to the method used in Task II was taken. A survey was 

performed to identify existing inspection technologies which might be 
applicable to rocket engines. This included inspection procedures which 
have been in routine use for many years as well as experimental techniques 

^ used soley in a laboratory environment. The results of Task I were then 

examined to identify the between-flight-detectible measurands associated 
with each failure mode. This led to the development of general inspection 
requirements and their correlation with the surveyed technologies. The 
techniques corresponding to each failure mode were evaluated on an equal 
basis of development, resulting in scores which ranked the technologies 
and became inputs to Task IV. Accessibility requirements, engine confi- 
guration modifications and estimates of the effects on engine reliability 
and safety were determined for each inspection and included in the scoring. 

INSPECTION TECHNOLOGY SURVEY 

A survey was undertaken to find inspection technology which could be 
applicable to reusable rocket engines between flights. This survey 
included computer literature searches, periodical reviews, and personal 
visits. Representative literature was enumerated and the inspection 
techniques uncovered were then summarized (Fig, 13), 



Figure 13. Literature Survey Utilized Multiple Resources 
to Uncover Inspection Technologies 
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It should be noted that the purpose of these searches was to provide a 
broad survey of between-f light engine condition monitoring technology, but 
not a complete bibliography of this subject. Documents were selected for 
enumeration if they contained different technology, applications, or 
approaches than had been previously encountered. Also, literature 
covering extensively used technology, or technology clearly not applicable 
to rocket engines was not chosen for examination. 

Resources 


Four computerized searches were made, producing a total of 945 listings. 

The search parameters were purposely left rather general so that techno- 
logies which have only seen limited or specialized use might be identified. 
Three of the searches looked for literature dealing with inspection tech- 
nology for aerospace engines as well as various basic inspection concepts. 
The fourth search dealt with leak detection only. Each listing was exa- 
mined to determine if the defined document might contain new and useful 
inputs to Task III. Literature which might pertain to the Task II effort 
was also identified. A brief description of each search follows. 

The Rockwell TIPS search (Fig, 14) was an on-line examination of the com- 
bined database of five Rockwell International Divisions (Rocketdyne, Space 
Systems Group, Science Center, and North American Aviation, both Columbus 
and Los Angeles Divisions) , 

Two searches were conducted on Lockheed’s DIALOG, a combined database of 
the NTIS, Engineering Index, Inc., and Data Courier, Inc, (Fig, 15): a 

search of leak detection technology and a more general inspection techno- 
logy search. 

The NASA RECON computer search yielded a total of 267 citations (Fig. 16), 
but because of duplications of citations in the Rockwell TIPS and Lockheed 
DIALOG searches, only 15 of these documents were selected for review. 

Beyond the computer searches, discussions were held with Air Force person- 
nel about their diagnostic and nondestructive (NDI) programs. 

Additional information was obtained by reviewing the references of litera- 
ture located by the computer searches and by examining recent periodicals 
for articles concerning nondestructive inspection methods. 

Sur vey Resul ts 


Literature that was found to contain useful Information was tabulated as 
shown in Table 11 and Appendix H. Information pertaining to in-flight 
diagnostics was forwarded to the Task II effort. 

The number of different inspection techniques described in each document, 
as indicated in Table 11, have been divided into three categories. Rocket 
Engine refers to technology which is or has been successfully applied to 
liquid propellant rocket engine inspection. State of the art refers to 
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DIVERSIFICATION OF ACOUSTICAL 
HOLOGRAPHY AS A NONDESTRUCT 
INSPECTION TECHNIQUE TO 
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CRAFT STRUCTURE 

BAILEY. C. D. 
LEWIS, W. H. 

LOCKHEED - 
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DETECTION OF CRACK INI- 
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AIRCRAFT STRUCTURES 
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COMASSAR. D.M, 

GENERAL ELECTRIC 
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RECENT DEVELOPMENTS IN 
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AND PENETRANT INSPECTIONS 
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HIGH RESOLUTION RADIOGRAPHY 
IN THE AERO-ENGINE INDUSTRY 

PARISH. R. W. 
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techniques which are regarded as proven in concept and successful in 
regular application in some other industry. Novel refers to any other 
technology, ranging from the conceptual stage of development to having 
seen only limited success as a maintenance facility technique. The 
techniques uncovered through the survey are listed in Table 12 for each 
category. Table 13 gives a brief summary of each technique along with 
typical uses, advantages and limitations. Most of the techniques might, 
with development, be usable in situ; meaning with the engine installed 
in the vehicle. These in situ techniques are of significant interest 
because of the savings in turnaround time afforded with no requirements 
for engine removal. 


TABLE 12. INSPECTION TECHNOLOGIES LOCATED BY 
LITERATURE SURVEY 


ROCKET ENC5INE 


• ULTRASONIC EXTENSIOMETRY 

• ULTRASONIC FLAW DETECTION 

• X RAY RADIOGRAPHY 

• GAMMA RAY RADIOGRAPHY 

• MAGNETIC PARTICLE 

• PENETRANT DETECTION 

• CONNECTOR CONTINUITY CHECKING 

• HYGROMETRY 

• FLOW LEAK DETECTION 

• MASS SPECTROMETRY 

• THERMAL CONDUCTIVITY LEAK 
CHECKING 

• TOROUING 

• LEAK SOLUTION 

• BORESCOPING 


• ULTRASONIC LEAK DETECTION 

• ACOUSTIC EMISSION 

• PARTICLE RADIOGRAPHY 

• FLUOROSCOPY 

• MAGNETIC PERTURBATION 

• BARKHAUSEN NOISE ANALYSIS 

• PARTICLE ANALYSIS 

• OPTICAL LEAK DETECTION 

• DIFFERENTIAL RADIOMETRV 

m ellipsometry 

• HOLOGRAPHIC MAPPING 

• OPTICAL PROXIMITY OETFXTION 

• RESISTIVITY MONITORING 

• EDDY CURRENT 

• HALOGEN LEAK DETECTION 

• PREIiSUHE DECAY 


NOVEL 

• ACOUSTIC HOLOGRAPHY 

• SCANNING ACOUSIIC FLOW 
DETECTION 

• ISOTOPE THERMOMt TRY 

• ISOTOPE TRACER DL I LCTION 

• REMNANT MAGNETISATION 

• PENTOXIDE POLAROGRAPHY 

• HYDROOENPOLAROGRAPHY 

• LEAK TAPE/COATING 

• LASER SURFACE SCATTERING 

• LASER INIERFEROMETRY 

• SCANNING OPTICAL PYROME FRY 

• HOI OGRAPHIC I FAK DE fLCTION 

• EXO ELECTRON EMISSION 

• POSITRON ANNIHIl AVION 

• ELECTRIC CURRENT INJECTION 

• MILLIMETER WAVE 
INTERFEROMETRY 
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TABLE 13. SUMMARY ^ COMPARISON OF SURVEYED INSPECTION TECHNIQUES 


TECHNIQUE 

MEASURANDS 

FAILURE TYPE 

TYPICAL COMPONENTS 

ADVANTAGES 

LIMITATIONS 

Ultrasonic 
Ex tensiometry 

Acoustic Wave 
Propagation 

Torque Relaxation 
Plastic Deformation 

Bolts 

Direct, Accurate, One-sided 
Measure of Deformation or 
Preload. 

Individual Records Must Be 
Kept For Each Component. 

Ultrasonic Flaw 
Detection 

Anomalies in Acoustic 
Wave Properties 

Fatigue 

Foreign Object Damage 
Crystallographic 
Changes 

Blades 

Ducts 

Chambers 

Shafts 

Good Sensitivity and Resolu- 
tion of Internal Defects. 
Can be Applied With Access 
to Only One Side. Can be 
Readily Interfaced With 
Computer Processing. 

Small Sensor Required for 
Detection of Small Flaws. 
Data Interpretation can 
be difficult. 

Ultrasonic Leak 
Detection 

Decrease in Acoustic 
Impedance at Leak 
Path 

Leakage 

Joints 

Valves 

Fast Location of Leaks 

Requires Transducer to be 
Placed Internally. Quantifi- 
cation of Leakage Difficult 

Acoustic Emission 

Acoustic Noise Genera- 
ted by Anomalies in 
Component Under Load 

Fatigue 

Ducts 

Chambers 

Blades 

Excellent Sensitivity and 
Resolution of Internal 
Defects. Can be Interfaced 
With Computer Processing. 

Component Must be Loaded 
Past Previous Maximum 
Stress Level. 

Acoustic Holography 

Anomalies in Acoustic 
Wave Properties 

Fatigue 

Delamination 

Chambers 

Valves 

Visual Imaging of Internal 

Defects. Can Utilize Rapid- 
Scanning Laser Transducer. 

Computer Processing Required. 
Resolution Limited by 
Ultrasonic Wavelength. 
Expensive. 

Scanning Acoustic 
Flow Detection 

Flow-generated 
Acoustic Noise 

Restriction 

Chambers 

Non- intrusive. Rapid Location 
of Internal Flow Blockage. 

Must be High Velocity Flow. 
Mechanically-coupled 
Sensor Usually Required. 

X-ray Radiography 

Anomalies in X-ray 
Attenuation 

Cracks 

Thickness 

Chambers 

Ducts 

Detects Internal Flaws in Wide 
Variety of Materials. Perma- 
nent Record. 

Detection of Fatigue and 
Delaminations Difficult. 
Expensive. Health Pre- 
cautions Required. 

Gamma -ray 
Radiography 

Anomalies in Gairma- 
ray Attenuation 

Cracks 

Thickness 

Restriction 

Chambers 

Ducts 

Shafts 

Isotope Placed Internally in 
Part Permits More Selective 
Inspection. 

Less Sensitive Than X-rays. 
Long Exposure Times 
Needed. Health Precautions 
Required. 



TABLE 13 . (Continued) 


TECHNIQUE 

MEASURANDS 

FAILURE TYPE 

TYPICAL COMPONENTS 

ADVANTAGES 

LIMITATIONS 

Particle Radiography 

Anomalies in Particle 
Beam Attenuation j 

Corrosion 

Cracks 

Thickness 

Composites 

Good for Low-Density Materials. 

Expensive, Bulky Equipment. 
Poor Flaw Definition. 

Health Precautions Required, 

Fluoroscopy 

Anomalies in X-ray 
Attenuation 

Cracks 

Clearances 

Turbopumps 

Detects Flaws and Clearances 
of Operating Components 

Expensive, Bulky Equipment. 
Health Precautions Required. 

Isotope Thermometry 

Rate of Beta-ray 
Emission 

1 

Peak Temperature 

Blades 

Chambers 

Post-facto Detection of Peak 
Operating Temperature. 
Minimal Health Hazard. 

No Indication of Duration 
at Peak Temperature. Must 
be Impregnated Before 
Flight. 

Isotope Tracer 
Detection 

Radioactive Particles 

Wear 

Galling 

Blades 
Valves 
Beari ngs 

Sensitive and Selective Wear 
Detection. Linear Wear/ Count 
Relationship Provides Good 
Remaining Life Prediction. 
Minimal Health Hazard 

Filter or Some Other Collection 
System Required In-Flight to 
Retrieve Particles For Analysis 

Magnetic Particles 

Preferential Orienta- 
tion of Magnetic Par- 
ticles at Surface 
Flows 

Fatigue 

Bearings 

Simple, Low Cost, Sensitive 
Detection of Cracks 

Component must be Ferromagnet- 
ic. Requires Post- Inspec- 
tion Cleaning. 

Remnant 

Magnetization 

Impact- Induced Magnet- 
ization Anomalies 

1 

Foreign Object Damage 

Blades 

Turbopumps 

Simple, Low Cost Detection of 
Impact Damage 

Component must be Ferromag- 
netic. Not Suitable for 
Internal Defects. 

Magnetic Perturba- 
tion 

Anomalies of Magnetic- 
Induction Field In 
Vicinity of Defect 

Fatigue 

leanings 

Good Sensitivity to Surface or 
Near-Surface Flaws 

Component must be Ferromag- 
netic. Not Suitable for 
Internal Defects. 

Barkhausen Noise 
Analysis 

High Frequency Changes 
in Magnetic Flux Due 
to Residual Stresses 

Fatigue 

Bearings 

Early Detection of Internal 
Defects. Applicable to 
Computer Processing. 

Component Must be Ferromag- 
netic. 

Pentoxide 

Polarography 

Current Produced by 
Electrolysis 

Moisture 

Chambers 

Ducts 

Good Indications of Water 
Vapor in a Wide Variety of 
Environments. 

Intrusive Sensor 

1 











TABLE 13 . (Continued) 


TECHNIQUE 

— — 

MEASUmOS 

FAILURE TYPE 

TYPICAL COMPONENTS 

ADVANTAGES 

LIMITATIONS 

Hydrogen 

Polarography 

Current Produced by 
Oxidation of 
Entrapped Hydrogen 

Hydrogen 

Embrittlement 

Chambers 

Ducts 

Good Indication of Hydrogen 
Content of Material 

Slow for Large Area Coverage 

Leak Tape/ Coating 

Visual Color Change 
Caused by Reaction 
to Leaking Fluid 

Leakage 

Joints 

Low Cost> Fast Indication of 
Leakage Produced During 
Engine Operating Conditions. 

No Quantitative Data Produced 
Tape/Coating Must Cover 
Entire Leak Path in Extreme 
Environments. 

Particle Analysis 

Particles 

Wear 

Galling 
Contaral nants 

Bearl ngs 
Valves 

Spectrographic Analysis Gives 
Good Indication and Life 
Prediction of Wear. 

Filter or Some Other Collec- 
tion System Required In- 
Flight. No Distinction 
Between Wear of Components 
of Same Materials. 

Optical Leak 
Detection 

Absorption of Light At 
Selected Wavelengths 

Leakage 

Joints 

Valves 

Non-Contacting, Quantitative 
Leak Data Provided 

Leaking Gas Must Be Distin- 
guishable From Environment 

Laser Surface 
Scattering 

Dispersion of Incident 
Laser Beam 

Wear 

Galling 

Valves 

Single, Non-Contacting Fiber- 
Optic Probe Gives Good 
Indication of Surface 
Condi ti on 

Factors Other Than Wear Can 
Affect Dispersion. Inter- 
nal Access Required. 

Holographic 
Defl ection 
Prediction 

Deformation Fringes 

Wear 

Distortion 

Joints 

Ducts 

Prediction of Excessive Flight 
Deformations. Appli- 
cable to Computer Processing 

Expensive Equipment 

Borescoping 

Visual Surface 
Anomalies 

Cracks 

Deformation 

Blades 

Valves 

Injectors 

Versatile Detection of Flaws 
and Fractures. Can Be Film 
Recorded. 

Operator Dependent. Internal 
Access Required. Not 
Highly Sensitive. 

Differential 

Radiometry 

Differential Absorp- 
tion of Light At Two 
Wavelengths. 

Leakage 

Joints 

Valves 

Quantitative Leak Detection. 
Better Distinction Between 
Environment & Leaking Gas 

Longer Sample Path Required. 

Ellipsometry 

i 

Changes in State of 
Reflected Polarized 
Light 

Wear 

Surface Films 

Bearings 

Valves 

Extremely High Sensitivity. 
Non-contacting. 

Requires Precise Alignment 
of Equipment 1 Skilled 
Operators 
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TABLE 13. (Continued) 


TECHNIQUE 

MEASURANDS 

FAILURE TYPE 

TYPICAL COMPONENTS 

ADVANTAGES 

LIMITATIONS 

Penetrant Detection 

Absorption and Emis* 

Cracks 

Chambers 

Low Cost, Highly Sensitive 

Requires Post-Inspection 


Ion of Penetrant 
Fluid In Defects 

Porosity 

Ducts 

Indications of Surface 
Defects 

Cleaning. Crack Must Be 
Open to the Surface 

Holographic Surface 

Fringe Patterns Pro- 

Fatigue 

Blades 

Simpler Than Interferometry. 

Changes in Surface Conditions 

Mapping 

duced By Dual- 
Wavelength Hologram 

Wear 

Valves 

No Pre-Flight Reference 
Required 

More Difficult to Detect 

Optical Proximity 

Reflection of Incident 

Interference 

Blades 

Minimal Access to Gap Re- 

Reflective Characteristics 

Detection 

Laser Beam 


Valves 

quired. Non-Contacting 

of Reflective Surface 
Must Be Known 

Scanning Optical 
Pyrometry 

Temperature Anomalies 

Restriction 

Chambers 

Fast Location of Blocked 
Coolant Passages. Can Be 
Automated and Remote 

Partial Restriction Difficult 
to Detect. Purging Gas 
Must Be Hot 

Holographic Leak 
Detection 

Leak-Induced Fringes 
of a Multiple-Pulse 
Laser 

Leakage 

Joints 

Chambers 

In-Toto Detection of Multiple 
Leaks. Quantitative Data. 
Very Fast. 

Expensive Equipment 

Exo-Election 

Stimulated Emission 

Fatigue 

Blades 

Excellent Fatigue Characteri- 

Surface and Near-Surface 

Emission 

of Electrons 


Bearings 

Ducts ! 

zation and Life Prediction. 
Non-Contacting 

Fatigue Only 

Positron 

Annihilation 

Beta-Ray Emission 

Fatigue 

Blades j 

Ducts 

Good Fatigue Characterization 
and Life Prediction 

Surface and Near-Surface Only. 
Must be Exposed to Vacuum. 
Requires Positron Source 
For Injection Into Part. 

Electric Current 

Anomalites In Surface 

Fatigue 

Blades 

Thermal Mapping Of Electri- 

Surface and Near-Surface Flava 

Injection 

Temperature Induced 
By Defects 


Ducts 

cally Heated Surface Provide: 
Fast Indication of Flaws 

Only. Poor Resolution. 

Resistivity 

Monitoring 

Resistance Changes Due 
To Cryogenic Leak 

Leakage 

Joints 

Leakage Can Be Detected At 
Operating Temperature 

Not Highly Sensitive. Little 
Quantitative Data Produced. 

Eddy Current 

Anomalies in Electric 
Conductivity 

Fatigue 

Blades 

Chambers 

Ducts 

Good Sensitivity for Moderate 
Cost. Applicable to 
Computer Processing 

Surface and Near-Surface 
Defects Only. Affected By 
Many Material Variables. 
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TABLE 13. (Concluded) 


TECHNIQUE 

MEASURANDS 

FAILURE TYPE 

TYPICAL COMPONENTS 

ADVANTAGES 

LIMITATIONS 

Mi llimeter-Wave 
Interferometry 

Differential Milli- 
meter-Wave 
Reflection 

Cracks 

Chambers 

Differential Approach Elimin- 
ates Most Material Variables 
Non-Contacting 

Not Highly Sensitive 

Connector Continuity 
Checking 

Continuity 

Connector Loose 

Electrical 

Connectors 

Direct, Low Cost, Verification 
of Connector Operation. Can 
be Automated 

No Indication if Continuity 
Loss Is Imminent 

Halogen Leak 
Detection 

Rate of Ion Formation 

Leakage 

Joints 

Valves 

Sensitive to Low Leak Rates 

. 

Requires Tracer Gas. Sensi- 
tive to Background Gases. 
Insensitive For High Leak 
Bates 

Hygrometer 

Impedance 

Moisture 

Chambers 

Ducts 

Low Cost. Fast Response 

Intrusive Sensor 

Flow Leak Detection 

Leakage Flow 

Leakage 

Joints 

Valves 

Direct Measurement of Leakage 
Flowrate. 

Time-Consuming Procedure. 

Many Possible Errors. 

Cannot Detect Low Leak Rate 
Location Difficult 

Mass Spectrometry 

Ion Concentration 

Leakage 

Joi nts 
Valves 

Highly Sensitive 

Becomes Saturated At Higher 
teak Rates. Slow 

Thermal Conductivity 
Leak Checking 

Thermal Conductivity 

Leakage 

Joints 

Valves 

Relatively Sensitive To Leak 
But Insensitive To Back- 
ground Gas. Fast. Low Cost 

Tracer Gas Required. 

Torquing 

j Torque 

Bolt Relaxation 
Excessive Friction 

Bol ts 

Turbopumps 

Direct Indication of Insuffi- 
cient or Excessive Torque 

j Operator Error Can Cause 
Damage. Slow 

Leak Detection 
Solution 

Leakage 

Leakage 

Joints 

Direct, Visual Location of 
Leak 

Requires Post-Inspection 
Cleaning. Operator-Depen- 
dent. Slow. No Quantita- 
tive Data 

Pressure Decay 

Pressure Loss 

Leakage 

Joints 

Valves 

Simple, Low Cost. Indication 
of Leak. 

Volume of Test Component Must 
fie Known. Slow. Location 
Of Leak Difficult. 
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DEFINITION OF CANDIDATE TECHNOLOGY 


Analysis of Task I Failure Modes 

Each of the sixteen failure mode categories identified by Task I were 
examined to determine what between- flight diagnostic requirements would 
be necessary to predict that incipient failure. The measurands associated 
with each failure mode were determined first as listed in Table 14. The 
measurands are shown in Fig. 17 and Appendix C, along with the propoga- 
tion of the failure to give a clear indication of where they become 
detectible. 


TABLE 14. INSPECTABLE FAILURE MODES AND MEASURANDS IDENTIFIED 


2 COOLANT PASSAGE LEAKAGE 

• METAL EMBRITTLEMENT 

• RESTRICTION 

• TUBE SPLITS 

3 JOINT LEAKAGE 

• WARPING DISTORTION 

• TORQUE RELAXATION 

• LEAK 

5 HIGH TURBOPUMP TORQUE 

• PHYSICAL INTERFERENCE 

• EXCESSIVE TEMPERATURE 

• EXCESSIVE FRICTION 

6 CRACKED TURBINE BLADES 

• HIGH TEMPERATURE TRANSIENT 

• FOREIGN OBJECT DAMAGE 

• FATIGUE 

7 CRACKED CONVOLUTION, BELLOWS SHIELD 

• HIGH TEMPERATURE TRANSIENT 

• FOREIGN OBJECT DAMAGE 

• FATIGUE 

8 LOOSE ELECTRICAL CONNECTOR 

• HIGH TEMPERATURE TRANSIENT 

• TORQUE RELAXATION 

• CONTINUITY 

9 BALL BEARING DAMAGE 

• EXCESSIVE TEMPERATURE 

• EXCESSIVE FRICTION 

• WEAR 


10 TUBE FRACTURE 

• LINE DEFLECTION 

• FATIGUE 

11 TURBOPUMP SEAL LEAKAGE 

• PHYSICAL INTERFERENCE 

• EXCESSIVE TEMPERATURE 

• EXCESSIVE FRICTION 

13 VALVE FAILURE 

• MOISTURE 

• INTERNAL FRACTURE 

• GALLING 

• CONTAMINATION 

14 INTERNAL VALVE LEAKAGE 

• FRETTING 

• CONTAMINATION 

• TORQUE RELAXATION 

• DISTORTION 

• STUCK COMPONENTS 

• LEAKAGE 

15 REGULATOR DISCREPANCIES 

• CONTAMINATION 

• LEAKAGE 

• EXCESSIVE FRICTION 

16 CONTAMINATED HYDRAULIC CONTROL 

• CONTAMINATION 

• LEAKAGE 

• EXCESSIVE FRICTION 
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Figure 17. Task I Propagation Diagrams Reviewed to Determine 
Diagnostic Measurands 


C orrelation of Surveyed Techniques With Diagnos t ic Requirements 

After locating be tween-flight inspection technology with the literature 
survey and defining diagnostic requirements based on the characterisation 
of past failures, the inspection techniques were matched to applicable 
failure mode measurands. This correlation is shown in Table 15, The 
measurands are listed across the top, grouped by failure mode and the 
inspection techniques are listed at the left, grouped by detection type. 
Each possible inspection is indicated by an N, S, or R, depending on 
whether the use of that technique could be considered novel, state of the 
art, or rocket engine state of the art for that particular failure type. 
This table gives a singular summary of the multiplicity of use of each 
inspection technique, the number of techniques available toward each 
failure mode and the present level of detectibility of each failure type. 

DESIGN AND INSPECTION COMPATIBILITY ASSESSMENT 

Accessibility and engine configuration modification requirements to utilize 
each inspection technique were identified and included in the technology 
grading. In addition, engine configuration modifications which could 
provide enhanced inspection capability were identified and assumed in the 
grading. 
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TABLE 15. BETWEEN-FLIGHT FAILURE MODE DETECTION TECHNOLOGY 



* ^technique not diagnostic because component oisassemnly is neouineo 


49 









Accessibility Requirements 


The accessibility requirements were determined for each inspection techni- 
que as applied to each failure mode. It was found that six types of accesi- 
bility could be defined, in approximately decreasing desirability, as 
follows : 

A - Direct External Access: where no interference problems with 

other components would normally be encountered. 

B - External Access with Interference: where considerations 

regarding the engine configuration, such as duct routing, 
would usually be required of the design in order to provide 
adequate inspection accessibility, 

C - Internal Port Access: where an inspection port (or flight 

instrumentation sensor) would have to be removed to provide 
access to the interior or a component. 

D - Component Removal Access: where the removal of a component 

would be necessary to provide adequate internal access for 
the inspection , 

E - Component Disassembly Access: where, after removal, a 

component would require major disassembly to accomplish the 
inspection, 

F - Component Addition Access: where the addition of an on-board 
component would be required in order to carry out the ground 
inspection . 

Table 16 indicates the accessibility requirements, using the above access- 
ibility codes, in the same format as was used in the techno logy/f allure 
mode correlation matrix (Table 15) , This information became an input to 
the technology grading, affecting the engine application, hazard, inte- 
gration, and development descriptors as appropriate. 

Configuration Modifications 


Although most of the inspection techniques would impact on engine design 
configuration, few would affect it in a manner inconsistent with typical 
design requirements. Access ports and component removal needs are consi- 
derations normally encountered and, with prudent design practices, will 
have minimal impact on engine weight or performance. Access to components 
for inspection has not usually been a problem in regard to preventing 
failures. The lack of adequately-developed (for rocket engine use) 
inspection or prediction technology has been the major hinderance. There 
are two engine sub-components, however, that have been typically difficult 
to apply state-lf-the-art rocket engine inspection technology to. Both 
are subcomponents of a turbopump, a high speed precision machine which 
operates under extreme environmental conditions . 
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FAILURE MODE OlVlATCD »Y IMPROVED DESIGN 
^TECHNIQUE NOT APPLICABLE TO ANY FAILURE MODES 

Technique not diaonostic because component disassembly is required 
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The bearings, because of the manner in which they must be structurally 
supported, have been difficult to inspect unless the turbopump is dis- 
assembled. In-flight vibration monitoring has not been a reliable 
indication of bearing condition either. The diagnostic technology 
identified by this study should alleviate this problem as well as provide 
much better failure prediction with only modest configuration considera- 
tions. The isotope tracer techniques require an inline device, sensor for 
in-flight monitoring or collector for between-f light analysis, which could 
be external to the turbopump. The fiberoptic bearing detector requires 
only fiberoptic access to the outside of the bearing outer race, a consi- 
deration which might be difficult to retrofit on an existing turbopump but 
which could be incorporated in a new design. 

Access to turbopump turbine blades is typically difficult, especially for 
multiple-stage turbines, often requiring removal of the turbopump from the 
engine. These subcomponents operate at very high rotational speeds in a 
hot gas and thus are vulnerable to over-temperature conditions and fatigue 
lives which must be carefully monitored and predicted. Improved accessi- 
bility to the turbines through the use of removable turbine housings (not 
requiring the removal of the entire turbopump) or some other means would be 
highly desirable. This would enhance the use of a wide number of inspection 
technologies which are otherwise difficult to employ. The development of 
this design feature would be significant but the benefits of great improve- 
ments in inspectability , life prediction and repair would be a major 
advancement in the maintainability of reusable rocket engines. 

TECHNOLOGY SELECTION AND UPGRADING 

The method for evaluation and ranking of the technologies was developed in 
cooperation with the Task II effort. The evaluation method selected was, 
as in Task II, a two-step approach. First, two clear-out screens were 
identified and applied to the techniques, resulting in the elimination of 
six technologies. Lumped descriptors, each made up of many specific des- 
criptors, were then defined. The technologies applicable to each figure 
mode were graded using these lumped descriptors, thus providing a ranking 
of the techniques. All techniques were assumed to be equally developed 
for use on rocket engines. 

Identification of Una cceptable Tec h niqu es 

Before ranking the techniques, it was desirable to eliminate from further 
consideration those technologies which were clearly not amenable to the 
goals of this study. Although many criteria with which to screen out 
these unacceptable techniques were considered, only two appeared to be 
unequivocal. They are: 

1. Need - Is the technique applicable to any of the Task I failure 
modes? Although valuable diagnostic techniques which were 
identified by the literature survey, three technologies, particle 
radiography, fluoroscopy, and ellipsometry were eliminated by 
these screen. 
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Component Disassembly - Does the use of this technique necessitate 
major disassembly of a component? Such disassembly would defeat 
the goals of on-conditlon maintenance diagnostics. Three addi- 
tional techniques, magnetic particle, magnetic perturbation, and 
Barkhausen noise analysis were eliminated from consideration by 
this screen. All three applied only to turbopump bearing 
inspection. 

Technique Grading 

Inasmuch as many specific descriptors were not available to evaluate the 
technologies, lumped descriptors were defined, each incorporating several 
specific parameters. With this approach, errors in the judgments of 
unknown information tend to balance with both other missing and known 
descriptors for a fair grade of each lumped category. This, in turn, 
reduces the possibility of biasing the overall ranking with a distorted 
grade, appearing as a seemingly well-substantiated score, for any one 
descriptor. 

The lumped descriptors were grouped as being either technical, economic, 
or developmental in nature. The technical and economic groups were sub- 
divided so as to differentiate between the required inputs and resulting 
effects of using the technology. The lumped descriptors are: 


Technical Requirements 


Application 

- Those requirements concerning the use of the inspec- 
tion equipment, including accessibility, human 
interfacing, and engine configurational needs. 
Weighted score to reflect the Importance of these 
factors. 

Auxiliary 

- Auxiliary requirements involved in performing the 
inspection, including electrical, mechanical, and 
computational needs. 

Physical 

- Physical characteristics of the inspection equipment, 
such as size, weight, complexity, material and 
chemical. 

Technical Features 

Detectability 

- How well the technique can identify the failure. 

This includes many factors such as accuracy, repeata- 
bility, sensitivity, resolution, drift, suscepta- 
bility and level of failure progression. This is a 
key descriptor and is weighted accordingly. 

Durability 

- How rugged or reusable the inspection equipment is, 
as well as how much maintenance such as recalibration 
is needed to maintain the required level of detection. 

Speed 

- The time needed to perform the inspection, including 
equipment setup, use, removal, and data processing. 
Since a reduction in turnaround time is a major goal 
with associated savings in operational costs, this 
descriptor was giyen a weighted score. 
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Hazard 


Danger of initiating a failure with use of technique, 
including the sensitivity to an improperly performed 
inspection . 


Economic Expenditures 


R&D Costs 


Integration 

Costs 


Economic Savings 


Operational 

Savings 


Development 

Deve lopment 


The estimated cost to upgrade or develop tlie techni- 
que for use on rocket engines. 

Approximate cost of incorporating the use of the 
technique into an engine design after upgrading or 
development. Does not include equipment costs. 


Approximate savings through reduced turnaround and 
labor or improved predictability with the use of 
the technique. Savings were assumed at $100.00 per 
hour for 1,000 Inspections, i.e., a 1-hour improve- 
ment would result in $100,000.00 in savings for 
1,000 inspections. 


The number of years necessary to advance the techno- 
logy to routine rocket engine use. 


The technologies were graded as indicated in Table 17 and Appendix I for 
each failure mode. In order to achieve technical scores which could be 
fairly compared, the technologies were assumed to be equally developed for 
use on rocket engines. The scores given for technical lumped descriptors 
were summed to give an overall technical score. Economic costs were sub- 
tracted from savings, resulting in an overall savings figure. An economic 
grade was then assigned based on one point for each nearest $100,000 in 
savings. The development grade was determined by subtracting one point, 
from a maximum of ten points, for each year required for development- A 
total overall grade was obtained by summing the technical, economic, and 
deve 1 opmen t grade s . 


TECHNIQUE SELECTION 

The results of the grading can be interpreted in many ways. In all cases, 
however, it should be remembered that the grades are inherently subjective, 
with disagreements over scores inevitable . For this reason, small differ- 
ences between grades should be considered neither a decisive distinction 
nor an indication of nearly equal status. For the purpose of selecting 
technologies for further development, however, some ranking basis was 
needed, so the total overall grades, as calculated, were employed. 
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TABLE 17. BETWEEN-FLIGHT DIAGNOSTIC TECHNOLOGY GRADING (SAMPLE) 


FAILURE MODE 2 

DESCRIPTORS 

TECHNICAL 

ECONOMICAL 

DEVELOPMENT 

n 

COOLANT PASSAGE 
LEAKAGE 

REQUIREMENTS 

FEATURES 

TECHNICAL SCORE 

RAD COSTS 

INTEGRATION COSTS 

OPERATIONAL SAVINGS 

TOTAL SAVINGS (COST) 

ECONOMIC GRADE 

TIME (YEARS) 

GRADE 

TOTAL OVERALL GRADE 

APPLICATION 

ANCILLARY 

PHYSICAL 

DETECTIBILITY 

DURABILITY 

SPEED 

HAZARD 

INSPECTION 

TECHNOLOGY 

\ 

PERFECT SCORE 

20 

10 

10 

20 

10 

20 

10 

100 

$0K 

$0K 

$«K 

$«K 

10 

0 

10 

120 

SCANNING ACOUSTIC 

FLOW 

14 

5 

6 

12 

7 

16 

9 

69 

200 

10 

600 

390 

4 

2 

8 

81 

ACOUSTIC HOLOGRAPHY 

15 

3 

5 

15 

5 

18 

9 

70 

200 

10 

500 

290 

3 

4 

6 

79 

X-RAY RADIOGRAPHY 


7 

1 

2 

8 

5 

8 

7 

38 

ion 

10 

200 

90 

1 

2 

8 

55 

GAMMA RADIOGRAPHY 


6 

2 

4 

15 

7 

8 

3 

45 

100 

20 

400 

290 

3 

3 

7 

55 

PENTOXIDE POLAROGRAPHY 

7 

7 

6 

12 

4 

8 

1 

45 

200 

50 

200 

(50) 

0 

4 

6 

51 

HYDROGEN POLAROGRAPHY 

15 

5 

5 

12 

5 

12 

8 

62 

150 

10 

400 

240 

2 

4 

6 

70 

HY6R0METRY 


7 

7 

6 

10 

5 

7 

1 

43 

50 

20 

200 

130 

1 

1 

9 

53 

SCANNING OPTICAL PYROMETRY 

18 

5 

8 

10 

8 

12 

9 

70 

100 

10 

600 

490 

5 

2 

8 

83 

HOLOGRAPHIC LEAK 


17 

3 

4 

8 

7 

17 

9 

65 

200 

10 

700 

490 

5 

3 

7 

77 

MILLIMETER-WAVE 


15 

3 

4 

8 

6 

12 

8 

56 

200 

10 

400 

190 

2 

4 

6 

64 

INTERFEROMETRY 


! 

















Ln 

Ln 




Table 18 is a summary of the grading. It is important to note that the 
grades given are maximum and, in general, apply to only one failure mode. 
This table does give a good overall technology ranking because, as can be 
seen by studying grading tables in Appendix I, a technique which may rank 
highest in only one failure mode tends to rank high in others for which 
it applies; similarly, a low-ranking technique tends to rank low for all 
applicable failure modes. 

In order to provide adequate detection or prediction for each failure type, 
the top ranking inspection technique, based on its total overall grade, was 
selected for each failure mode. As Table 19 shows, seven technologies were 
chosen, three of which were highest for more than one failure mode. Two 
of the techniques, thermal conductivity leak detection and connector con- 
tinuity checking, are considered rocket engine techniques; one, particle 
analysis, is a stage-of-the-art technology; and four, holographic leak 
detection, exo-electron emission, scanning optical pyrometry, and isotope 
tracer detection, are considered novel. 

When developed, these seven technologies could be used to detect or predict 
all of the failures identified by Task I. However, in some cases in-flight 
detection may provide better or more timely detection and existing rocket 
engine inspections, although not highest ranking, may be adequate. These 
factors were evaluated, with resulting recommendations, in Task IV. 

CONCLUDING REMARKS 

The Task III effort paralleled the Task II approach. A literature survey, 
over a database of over six million citations , was performed and yielded 
56 tabulated documents. A review of these documents identified 14 rocket 
engine techniques , 16 state-of-the-art techniques in other industries and 
16 novel techniques. The results of the Task I failure characterization 
were examined to identify between-f light measurands. The techniques 

identified by the survey were then correlated to the applicable failure 
mode measurands to provide a matrix of inspection possibilities, 

A selection procedure was used to identify the top ranking inspection 
technique for each failure mode. First, six technologies were eliminated 
as being clearly inadequate. The remaining techniques were then graded 
using lumped descriptors which included factors such as accessibility, 
engine configuration requirements , detectibility , speed, costs, savings 
and safety. The techniques were graded assuming an equal state of 
maturity for each failure mode application. Based on the grades for 
each lumped descriptor, the technologies were assigned total overall 
grades which permitted a ranking of the applicable inspection technology 
for each failure mode. Seven technologies were identified as being top- 
ranking in one or more of the 16 failure modes. They are: 

1, Holographic Leak Detection - Leak detection of multiple joints 

2. Thermal Conductivity Leak Detection - Leak detection in localized 
areas , 

Scanning Optical Pyrometry - Detection of coolant passage 
restrictions or leaks. 


56 



TABLE 18. GRADING OF BETWEEN-FLIGHT DIAGNOSTIC TECHNOLOGY 
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TABLE 19. TECHNOLOGY RANKING 
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4. 


Exo-Electron Emission - Fatigue monitoring and characterization 


5. Connector Continuity Checking - Verification of electrical 
connector function. 

6. Isotope Tracer Detection - Monitoring wear. 

7. Particle Analysis - Monitoring wear and contamination. 
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FUTURE TECHNOLOGY DEVELOPMENT 


The objectives of this task were to review the results from In-Flight Condition 
Monitoring (Task II) and Between-Flight Inspection (Task III) and to establish 
an objective prioritized list of technology development requirements, 

TECHNOLOGIES SELECTED FROM TASK II AND TASK III 

The procedures followed in Task II and Task III were similar; a survey of 
technologies was made and matched with the failure modes identified in Task I, 
which were then ranked and these technologies became the inputs to this task 
and are; 

Task II; In-Flight Condition Monitoring 

Direct In-Flight Sensors 

1. Optical pyrometer 

2. Fiberoptic def lectometer 

3. Isotope wear detector 

4. Tunable diode-laser spectrometer 

Indirect In-Flight Sensors 

1. Ultrasonic flowmeter 

2. Ultrasonic thermometer 

3. Digital quartz pressure sensor 

4. Optical tachometer 

Task III; Between-Flight Inspection 

1. Holographic leak detection 

2. Thermal conductivity leak checking 

3. Scanning optical pyrometry 

4. Exo-electron emission 

5. Connector continuity checking 

6. Isotope tracer detection 

7. Particle analysis 

APPLICATION OF SELECTED TECHNOLOGIES TO ROCKET ENGINES 
In-Flight Condition Monitoring 

Considerable reductions in cost and time in maintaining a long service life 
for reusable rocket engines can be realized by the use of in-flight condition 
monitoring systems. The search and screening of such systems yielded eight 
state of the art and novel technologies which can be used to detect symptons 
related to failure modes previously experienced in rocket engines. They 
include optical pyrometers, fiberoptic bearing deflection detectors, isotope 
wear detectors, tunable diode-laser spectrometers, ultrasonic flowmeters, 
ultrasonic thermometers, digital quartz pressure sensors, and optical tach- 
ometers. 
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A description of each of these technologies is presented in a discussion of 
the steps in development required for their integration into rocket engines. 

Direct ,In-Flight Sensors 


1 . Optical Pyrometer for Remote Temperature Monitoring of Turbine 

Blades 


Technical Description . All objects emit a spectrum of thermal radiation 
characteristic of their emissivity and their temperature. An optical 
pyrometer measures the frequencies and amplitudes of the spectrum of this 
thermal radiation, and thus provides a noncontacting, nonintrusive , fast 
means of temperature sensing. A system for temperature sensing by means of 
a pyrometer is shown in Fig. 18. The pyrometer consists of a semiconductor 
device in which electromagnetic quanta are converted into electrical current. 
The current magnitude is measured by an electronic system. In measuring 
the temperature of an object, the thermal radiation is optically filtered by 
a window into one or two narrow frequency bands to give a unique thermal 
fingerprint of the object. For observing the temperature of parts internal 
to a system, the filtered waves are transmitted to the pyrometer by means of 
optical fibers, allowing Isolation of the detector and its electronics from 
a hot, hostile environment. 


THERMAL 



Figure 18. Block Diagram of Pyrometer for Remote 
Temperature Measurement 
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Further advantages of this pyrometer system for turbine blade measurement 
include the nonintrusiveness of the detector, preventing any hazard or aera- 
tion as well as its immunity to creep and fatigue, by virtue of its crystal- 
line structure. Furthermore, a response time of 0.6 microseconds or less is 
possible, enabling transients to be accurately monitored. The versatility 
of today’s electronics makes possible complete thermal profiling or imaging 
of a device, as well as strobed observation. 

At the temperature range typical of rocket engine turbine blades (538 to 
807 C) , accuracies as good as 0.5% can be achieved by these devices. 
Pyrometers have, in fact, been used for remote in-flight monitoring of tur- 
bine blade temperature in airplanes. 

Development Requirements . To be incorporated into a rocket engine, the 
following steps in development are required. The measurement requirements 
for the pyrometer must be defined in terms of its resolution, accuracy and 
range of frequency sensitivity desired, and a choice of pyrometer made. The 
proper fiberoptic and window materials for the high-temperature environment 
of the turbine must be chosen. Finally, the electronics must be laid out, 
the system integrated and a prototype fabricated and tested in the field. 

2 . Fiberoptic Bearing Deflection Detector 

Technical Description . A fiberoptic deflection detector monitors the condi- 
tion of a bearing by measuring the localized, cyclic deformations on the 
outer bearing race caused by the passage of the balls, by a detector mounted 
near the race. The key element of this detector, as shown in Fig. 19, is a 
bundle of optical fibers with its end in close proximity to the outside 
radial surface of the outer race. Light is both shined onto the race and 
reflected from the race to a detector through this fiber bundle. The magni- 
tude of the reflected photoelectric signal is a function of the variation of 
distance between the race and the sensing element. The output of the probe 
for a normal bearing is very similar to a clean half sine wave, corresponding 
to the passage of each ball by the probe. When the surface of one of the 
balls becomes pitted or flawed, the photoelectric output of the detector is 
correspondingly distorted each time that ball passes over the fiberoptic 
probe, thus generating a distorted half sine wave once per revolution. On 
the other hand, a crack or pit on the inner surfaces of the bearing races is 
noted as a distortion in each of the output peaks, corresponding to the 
passage of each ball over the flaw in the race. 

Fiberoptic bearing deflection detectors are well suited for bearing perform- 
ance monitoring. The detector provides a noncontacting means of measuring 
bearing deflections and loads directly. High levels of sensitivity, such as 
50 mV/micron, are commonly achieved. By virtue of the fiberoptic coupling, 
the device has a profile which facilitates installation and is immune to, 
electromagnetic noise. 

Development Requirements . Methods of mounting the detector should be evalu- 
ated which minimize the effect of structural vibrations on the output. The 
detector electronic circuitry should be laid out, fabricated and tested. A 
fiberoptic material should be chosen which best functions in a cryogenic 
environment. 
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Figure 19, Fiberoptic Def lectometer 


3 . Isotope Wear Detectors 

Technical Description . An isotope-wear detector measures the low-energy 
OSHA-approved gamma rays of wear particles of ball bearing or rotary seals. 

It consists of a gamma-ray detector and a particle catcher downstream of the 
isotope-tagged bearings or seals. The y-photons emitted by the captured 
particles strike the detector and are converted into an electric current. 
Electronic circuitry then measures the magnitude of this current, determining 
the rate of y-photon emission and thus the quantity of wear particles. 

Tagging is effectively accomplished by immersing the part in a flux of 
neutrons (e.g., by placing it in a storage hold of a nuclear reactor), con- 
verting a small, uniformly distributed fraction of its atoms into radio- 
isotopes. The part is then incubated for several months, leaving it tagged 
with only long-lived radioisotopes suitable for long-term monitoring of wear. 

Materials chosen for bearings because of desirable mechanical properties are 
often ferromagnetic (such as the steel bearings in the SSME turbopump) , and 
debris from parts made of such materials could be captured by a magnetic trap 
located on a duct at a bend in flow downstream of the part (Fig. 20). Cen- 
trifugal forces would move the debris radially outward at the bend into a 
bed of magnetic pins which capture these particles for measurement by a y-ray 
detector. An alternative method, suitable for turbopurap rotary seals, routes 
the purging or cooling fluid passing through the seal through a duct to a 
lower-pressure region, where a filter with a low pressure drop captures a 
representative amount of the wear particles. 
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Figure 20. Isotope Detector for Steel Bearing Wear Particles 

Isotope wear monitors are thus a quantitative, noncontacting means of 
monitoring the wear of rocket engine turbopump bearings and rotary seals. 
Semiconductor detectors are small (less than 1 cm3) and lightweight (on the 
order of a few grams). Several semiconductor detectors are available which 
are 100% efficient in converting low energy y-photons into electrical signals, 
so that parts can be tagged with small, safe concentrations of low y-energy 
radioisotopes which are certified suitable for public handling by OSHA. 

Development Requirements . In order to incorporate such a detector into a 
rocket engine turbopump, methods of mounting the semiconductor device and 
capturing the wear particles should be evaluated and tested which minimize 
the separation of wear particles from the detector, and thus attenuation of 
the y-photons. The methods of capture should be further evaluated for their 
efficiency in trapping wear particles. The signal to noise ratio should.be 
optimized by a proper choice of commercially available semiconductor detec- 
tors and proper design of the electronic circuitry. 

4 . Tunable Diode-Laser Spectrometer ' 

Technical Description . A tunable diode-laser spectrometer is a highly com- 
pact and rugged means of measuring the infrared spectra of the constituents 
of rocket engine combustion gases. A p-n junction diode laser generates an 
infrared beam whose wavelength is varied by altering the diode-laser bias 
current. When transmitted through combustion gases, this beam is selectively 
absorbed at certain wavelengths which are characteristic of the constituent 
gas species (Fig. 21). 
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Figure 21. Tunable Diode Laser Spectrometer 

To measure the concentration of a gas species, an optical filter (instead of 
a bulky monochromator grating) , consistent with an IR absorption line of the 
gas, is placed in front of a wide-band photoelectric detector. The electri- 
cal current of the detector is related to the intensity of the absorption 
line, and thus to the concentration of the gas species. Thus, for example, 
by selecting the absorption lines of and the combustion mixture ratio 
of H 2 ”fueled engines can be monitored and controlled. 

Alternatively, the spectrometer can be used for condition monitoring. For 
example, by selecting an absorption line of the C-F bond found in combusted 
shavings of Teflon valve seats and measuring the photocurrent in that band, 
the concentration of the Teflon shavings or wear particles can be measured. 
Similarly, an absorption band of CO^ can be selectively monitored, allowing 
measurement of the concentration of the debris particles from worn graphite 
rotary seals. 

One of the principle advantages of the tunable diode spectrometer is its 
size: the diode-laser itself can fit on top of a dime. Furthermore, while 

power of only about a milliwatt is required, the intensity of the laser output 
signal is quite high since it is monochromatic, allowing a high inherent 
signal-to-noise ratio. The diode-laser also has all the advantages charac- 
teristic of semiconductor devices, inlcudlng ruggedness and immunity to creep 
and fatigue. 
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Development Requirements . To incorporate this detector into a rocket engine, 
a suitable housing must be designed and fabricated which isolates the detec- 
tor both mechanically and thermally. Appropriate diode-laser materials and 
filters must be chosen which correspond to the combustion constituents to be 
monitored. The optical arrangement and electronics of the detector must be 
laid out, fabricated and field tested. Furthermore, a lightweight shielding 
for the detector should be designed which minimizes noise due to background 
cosmic rays. The effect, if any, of radioisotope labeling on the physical 
properties of the parts should also be determined. 

Indirect In-Flight Sensors 

1 . Ultrasonic Flowmeter for Propellant Flow Measurement 

Technical Description . The velocity of a sound wave is altered when it 
passes through a moving fluid, much like a boat crossing a flowing river. 
Figure 22 shows a transit- time ultrasonic flowmeter which takes advantage of 
this principle. A pair of transducers is mounted on the pipe, directed at 
one another and oriented diagonally to the flow. Ultrasonic pulses are 
alternately transmitted and detected by each of the transducers. Because the 
upstream signal velocity is decreased and the downstream velocity increased, 
there is a difference in their velocities and thus of their transit times. 
This difference in transit times is analyzed by electronic circuitry to 
measure the flow velocity. This measurement is rendered Independent of 
properties influencing sound in the fluid such as temperature, pressure, 
density and viscosity, by the use of a judicious combination of the measured 
upstream and downstream transit times. 


COAXIAL CAiLE 



Figure 22. Block Diagram of Transit Time Ultrasonic Flowmeter 
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The flowmeter has the advantage of being completely nonintrusive and thus 
could never become an impedance to flow or a hazard in case of structural 
failure. Accuracies of 0.4% and repeatabilities of 0.2% have been achieved 
commercially. 


Development Requirements . Ultrasonic flowmeters should be developed for 
suitability in a cryogenic environment. Methods of attachment of transducers 
and piezoelectric elements must be optimized. Furthermore, since structural 
vibrations and flow noise can both produce piezoelectric signals, the fre- 
quency and acoustic polarization must be optimized to minimize these effects. 


2 . Ultrasonic Thermometer 

Technical Description . An ultrasonic 
thermometer measures the transit time 
of an ultrasonic pulse transmitted 
across a hot gas chamber. From this 
transit time, the acoustic speed and, 
in turn, the gas temperature are 
determined. Figure 23 diagrams the 
basic concept of this sensor. A pair 
of piezoelectric transducers alter- 
nately transmit (by means of an elec- 
tronic driving signal) and receive 
ultrasonic pulses sent across the gas 
chamber. The transit time of these 
pulses is then determined by electronic 
circuitry, yielding the mean acoustic 
velocity across the chamber. From the 
acoustic velocity, the temperature of 
the gas is determined. By a judicious 
combination of the measured transit 
times of pulses in both directions 
across the chamber, the acoustic vel- 
ocity determination and thus the 
temperature measurement will be 
independent of the gas flow speed. 

The advantages of this sensor include 
high temperature capability (greater 
than 1650 C with cooled transducers) 
and fast response. Unlike other tem- 
perature sensing probes, the ultrasonic 
thermometer measures the path-averaged 
temperature across the gas chamber. It 
nonintrusive. 



Figure 23. Block Diagram of 
Ultrasonic Thermometer 

is, furthermore, noncontacting and 


Development Outline . Steps for development of such a system for use in a 
rocket engine include design of electronics to optimize small-signal 
recognition and signal- to-noise ratio, and design of a system of mounting 
and cooling the piezoelectric transducer pair. The system would then be 
mounted on an engine and tested in the field. 
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3 . Digital Quartz Pressure Sensor 


Technical Description ^ With a digital quartz pressure sensor, one takes 
advantage of the pressure dependence of the resonant frequency of a quartz 
crystal. In the sensor, an electronic oscillator circuit connected to a 
quartz beam forces the beam into resonant ultrasonic oscillations. Compres- 
sion of the beam alters its resonant frequency, which is then detected by the 
electronic circuitry, generating a time-domain digital signal. Figure 24 
shows a design of a digital quartz pressure sensor for measuring absolute 
pressure. The input pressure is transformed through a bellows and a canti- 
lever into a force imposed on the quartz crystal. 

The advantages of digital quartz pressure sensors are manifold. Quartz 
crystal has long-term stability (no creep) ease of vibrational excitation 
(resulting in lower power consumption) and low-temperature sensitivity 
(sensitivities of 0.005%/C are experienced in quartz pressure sensors). It 
is for these very reasons that quartz oscillators are the most commonly used 
frequency standards for clocks, etc. Additional advantages include high 
repeatability (within 0.005%) and a dynamic range of up to 200,000:1. 
Miniaturized digital quartz sensors are available (see Fig. 25) which can 
measure as high as 6.9 megapascal and weigh only 57 grams. 

Development Outline . The candidate miniaturized digital quartz pressure 
sensor must be tested for compatability to engine environments. Further 
tests should be made to determine its performance trends and durability. 

The device then can be adapted for Incorporation in an engine. 

4. Optical Tachometer 

Technical Description . An optical tachometer measures the rpm of a rotating 
shaft by measuring the time between reflections generated by an encoder which 
is attached to and rotates with the shaft. The configuration of an optical 
tachometer is shown in Fig. 26. 

An LED acts as a light source, transmitting through optical fibers onto the 
encoder. The encoder, in turn, reflects the light back through a set of 
optical fibers coaxial to the input fibers, onto a semiconductor element 
which converts these light pulses into an electrical signal. To this end, 
the encoder is appropriately bevelled and contoured to provide maximum 
contrast between the reflective and nonref lectlve areas. From the known 
geometry of the encoder and the measured time between the pulses, electronic 
circuitry connected to the sensor determines the rpm of the shaft. The 
optical fibers are terminated in a fused quartz rod whose end is fashioned 
into a lens which focuses both the incident and reflected light , thus allows 
the sensor to be placed a considerable distance from the encoder; l.e., 
outside the liquid flow and flush with the housing wall. 

Contrast ratios well above 10 and input signal to noise ratios of about 38 
have been calculated for optical tachometers of the above description. 

Being flush with the shaft housing, the detector is completely nonintrusive 
to cryogen in flow. 
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Figure 24. Digital Quartz Pressure Sensor 



Figure 25. Housing for Miniaturized Digital Quartz Pressure Sensor 
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Figure 26. Block Diagram of Optical Tachometer 

Development Outline . Before incorporation in a rocket engine turbopump, the 
lens, reflecting surfaces and fiber optics should be tested to determine 
their properties in the cryogenic and vibrational environment of the pump. 
Designs for sealing the optical fibers to the fused quartz lens and for 
sealing the lens to the metal sensor port need to be evaluated. Finally, 
tests must be made to determine the effect of bubbles and fluid turbulence 
which determine the ultimate performance of this optical sensor. 

Between Flight Inspection 

Seven technologies were chosen from the inspection techniques for the detec- 
tion of prediction of the failures identified by Task I; two are considered 
rocket engine state-of-the-art, one state-of-the-art, and four are novel. 

The technologies are holographic leak detection, thermal conductivity leak 
detection, scanning optical pyrometry, exo-electron emission, connector 
continuity checking, isotope tracer detection, and particle analysis. 
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A brief descritpion of each of these technologies is made here. 

1 . Holographic Leak Detection (Figure 27) 

Holographic leak detection is a technique capable of simultaneously locating 
and quantifying multiple leaks. This is achieved by illuminating the test 
area with a triple-pulse coherent light source. The first pulse reflects 
off the test object and is combined with a reference beam, obtained with 
optical beam splitters, thus forming a hologram of the object. The second 
optical pulse, shortly following the first one, forms another hologram in 
the same manner. These holograms, recorded on the same photographic film, 
interact to cancel each other if the object has not been altered at all. 
However, if the object has undergone even minute changes between the pulses, 
an interference pattern is formed. If the object is purged with a gas that 
is optically different from the ambient gas, any leak will produce such an 
interference pattern. The volume of the interference pattern is proportional 
to the volume of the leaking gas. The third pulse of the coherent source 
enhances the interference fringes, the spacing of which are proportional to 
the speed of the leakage. Since the product of volume and velocity is pro- 
portional to flowrate, the leakage rate can be determined simultaneously for 
all leaks in the line of sight of the detector. 

Holographic leak detection can provide significant reductions in the time 
required for leak detection with the advantage of being a noncontacting tech- 
nique capable of locating multiple leaks simultaneously. Both qualitative 
and quantitative data reproduced in a manner which can be readily inter- 
faced with computer processing. As an optical technique, it has the virtue 
of providing simplified scanning ability and permanent image recording. 



Figure 27. Holographic Leak Detection Schematic 


71 



Development Outline . The development required of holographic leak detection 
b.ejpre its routine use on rocket engines includes establishing laser require- 
ments and recording needs so that equipment may be selected. Real time 
imaging of the leakage hologram should also be investigated . Procedures to 
inspect the maximum number of ducts with a minimum of different viewing 
angles should be defined. 


TASK/YEAR 

1 

2 

3 

FEASIBILITY 

DESIGN AND FABRICATION 
PROTOTYPE EVALUATION 
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2. Thermal Conductivity Leak Detection (Figure 28) 

Thermal conductivity leak detection uses a hot wire resistance bridge with 
one element of the bridge exposed to air (reference side) and the other 
element exposed to the leak (tracer gas). Conductivity of the air changes 
with concentration of the tracer gas which causes a change in resistance or 
temperature of the element. Leakages are detected with a probe. Helium gas 
may be used for the tracer. The instrument is sensitive to approximately 
1 X 10^'^ scc/sec, portable, relatively insensitive to background interfer- 
ence and has a good response (1 to 5 seconds). After saturation, the 
instrument returns to zero immediately when the tracer gas source is removed. 
This type of device, the Uson 500, has been successfully used on the J-2 
engine . 

Thermal conductivity leak detection provides a fast and reliable location 
of leakage at low cost. The device is easily used and interpreted by main- 
tenance personnel. The technique is versatile and may be used to pinpoint 
leaks indicated by other means. 

Development Outline . Thermal leak detection has previously seen limited 
application on the J-2 engine. Although these devices are commercially 
available, an Investigation to compare tracer gases and explore means of 
reducing sensitivity to background effects would improve the usability of 
this technique on rocket engines. 
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3. Scanning Optical Pyrometry (Figure 29) 


Scanning optical pyrometry locates restrictions in chamber coolant passages 
by automatically sweeping the inner chamber walls and noting temperature 
profile anomalies. The optical pyrometer measures the frequencies and 
amplitudes of the spectrum of the thermal radiation, characteristic of the 
emissivity and temperature, emitted by the chamber wall. With blockage of a 
hot purge gas, localized cooling occurs downstream which can be detected by 
the pyrometer. The pyrometer incorporates optical filters to isolate the 
thermal radiation into selected narrow frequency bands. This radiation is 
then converted into electrical current by a semiconductor device. The 
current is measured by an electronic system and converted to a temperature 
Indication. The pyrometer automatically scans the chamber wall by a 
combination of mechanical and optical means in both the azimuth and chamber 
axis directions. Data can be presented with imaging of the temperature 
profile and/or by having the coordinates of all anomalies automatically 
calculated and listed. 

Scanning optical pyrometry provides fast, positive location of coolant pass- 
age restrictions. Automatic and remote operation can also provide enhanced 
safety to maintenance personnel and, because of the noncontacting nature of 
the scanning, less engine hazard. The technique can be used during purging 
operations to provide little impact on turnaround; its use might even permit 
reduced purging requirements. 



Figure 29. Scanning Pyrometer Concept for Detection of Coolant 
Passage Restrictions 
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Development Outline . In order to develop this technology for use on rocket 
engines, the measurement requirements for the pyrometer must be identified 
in terms of resolution, accuracy and range of frequency sensitivity so that 
a pyrometer may be selected. A suitable scanning mechanism must be worked 
out and its control circuitry defined. The manner of data display must also 
be selected and the appropriate electronics and software laid out. 


TASK/YEAR 

1 

2 

3 

FEASIBILITY 

DESIGN AND FABRICATION 
PROTOTYPE EVALUATION 


— 



4. Exo"Electron Emission (Figure 30) 

Exo-electron emission is a means of locating and characterizing fatigue 
damage in order to provide remaining-lif e prediction. This technique refers 
to the photoelectron emission from a metal part which emanates through micro- 
cracks in the brittle surface oxide. By scanning the test surface with a 
small beam of ultraviolet radiation, this exo-electron emission may be 
collected and amplified by an electron multiplier and measured by a current 
meter. The intensity of the emission increases as fatigue-induced cracks 
grow with continued cycling. By this means, a clear, accurate indication 
of the location and progression of fatigue can be obtained. 

Fatigue damage produces highly localized exo-electron emission very early, 
i.e., on the order of 1% of the fatigue life. Cracks, on the other hand, 
are not visible until about 10 to 15% of the fatigue life has expired. This 
very early detection, as well as the characteristic increasing emission as 
fatigue damage progresses, permits correspondingly earlier and more accurate 
prediction of remaining life with the use of this technique. 

Development Outline . Before exo-electron emission may be used routinely for 
rocket engine inspections, equipment suitable for in-field use may be devel- 
oped. Scanning methods and sensors need to be optimized for each application 
The emission behavior of the materials to be Inspected also must be carefully 
characterized. Finally, the best method of data presentation, such as plots 
or imaging, needs to be identified. 


I 

I 


75 




UV LIGHT 
SOURCE 


SCANNING OPTICS 



COMPONENT 


Figure 30. Schematic of Typical Exo-Electron Inspection 




5. 


Connector Continuity Checking 


Connector continuity checking verifies proper functioning of connectors by 
simply determining the electrical continuity through them. This is done as 
part of the automatic checks that also confirm the functioning of valves, 
igniters, instrumentation, etc. The on-board controller executes a checkout 
program that sends signals to components (through connectors) and compares 
the output signal to stored limit valves. Any discrepancies are noted so 
that maintenance personnel may isolate and correct the faulty wiring, con- 
nector, or component. Connector continuity checking thus provides a fast, 
automatic determination of connector function. 

Development Outline . Connector continuity checking is presently used on the 
Space Shuttle Main Engine. Because it performs satisfactorily, no special 
development needs are considered necessary. 

6. Isotope Tracer Detection (Figure 31) 

Isotope tracer detection measures the low-energy (OSHA approved) gamma rays 
of wear particles. These particles are captured by a catcher downstream of 
the isotope- tagged part during flight- The gamma-photons emitted by the 
captured particles are detected between-f light by removing the catcher from 
the engine and placing it in a gamma-ray detector. The magnitude of the 
electric current from the detector indicates the rate of gamma-photon 
emission and thus the quantity of wear particles. 
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Tagging is accomplished by immersing the part in a flux of neutrons (e.g., 
in a storage hold of a nuclear reactor), converting a small, uniformly dis- 
tributed fraction of its atoms into radioisotopes. The part is then incubated 
for several months, leaving it tagged with only long-lived radioisotopes 
suitable for long term monitoring of wear. 

Materials chosen for bearings are often ferromagnetic because of desirable 
mechanical properties, so debris from parts made of such material could be 
captured by a magnetic trap. An alternate method would route the purging 
or cooling fluid through a duct to a lower-pressure region where a low- 
pressure-drop filter catches a representative amount of the wear particles. 

Isotope tracer detection thus offers a quantitative, noncontacting means of 
monitoring the wear of components. Isotope tagging provides excellent iden- 
tification of the wear particles of a selected component in an environment 
where wear particles generated from several different parts might be present. 

Development Outline . In order to apply isotope tracer detection to rocket 
engine components, methods of capturing the wear particles must be evaluated 
and tested for efficiency ‘in entrapment and retention. The effect, if any, 
of radioisotope tagging on the physical properties of the components should 
be determined. Engine performance effects must be evaluated. Selection of 
a rapid and reliable ground-based gamma-ray measurement system should also 
be investigated. 



7. Particle Analysis (Figure 32) 

Particle analysis is a mdans of determining wear or contamination by examin- 
ing the debris in a working fluid. These particles are captured in-flight 
and analyzed between-f light . The analysis identifies the concentration of 
each type of particle material so that, with the materials of engine compo- 
nents known, the upstream wear or contaminant source can be monitored. 
Selection of different materials for wear surfaces of different parts 
provides good wear isolation. By trending the wear history of each 
component, sudden excessive wear or incipient failure can be identified 
and appropriate actions taken. 
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Figure 32. Typical Wear Particle Trending 

Materials chosen for bearings are often ferromagnetic because of desirable 
mechanical properties, so debris from parts made of such material could be 
captured by a magnetic trap. An alternate method would route the purging or 
cooling fluid through a duct to a lower-pressure region where a low-pressure- 
drop filter catches a representative amount of the wear particles. 

The analysis of the particles can be accomplished in several ways, the most 
common being spectrometry. The particles are identified as to their mate- 
rial makeup and the corresponding concentrations of each material. Trending 
of wear or identification of contaminants can then be used to make timely 
maintenance actions. 

Particle analysis thus offers a quantitative noncontacting means of monitor- 
ing wear or contamination. Trending of wear data can permit use of compo- 
nents for their full life as well as enhanced maintenance planning capability. 
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Development Outline . Before particle analysis can be applied to rocket 
engines, methods of capturing wear particles and contaimnants must be 
evaluated and tested for efficiency in entrapment and retention. This 
would include an investigation of performance effects on the engine. 
Selection of a rapid and reliable ground-based particle analyzer should 
also be evaluated. 
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SELECTION OF PREFERRED IN-FLIGHT OR BETWEEN-FLIGHT TECHNOLOGY 


The highest ranked technology selections that were considered upgradable for 
both in-flight and between-f light , and the effort required to develop these 
technologies have been identified. A comparison is now made between these 
technologies for a given failure mode and the preferred technology selected. 

In two cases, however, technologies have been combined to form: 

1. Wear Detection 

2. In-Flight Indirect Condition Monitoring 
WEAR DETECTION 

The two technologies used to detect wear are: 

1. Isotope wear detectors 

2. Tunable diode-laser spectrometer 

Wear can be monitored by tagging certain engine parts, i.e., turbopump 
bearings. The debris from these parts can be captured in-flight and recorded 
or the debris may be entrapped and retained and measured between flights. 
Details of the capturing system remain to be defined. 

The tunable diode-laser spectrometer can be used for detecting wear for 
condition monitoring by selecting absorption lines for appropriate materials 
which would be indicative of wear, i.e., the C-F bond corresponding to Teflon 
valve seats. 

The combination of these two technologies will provide data on surface wear 
and to identify the wear surface within the engine. The detection can either 
be in-flight and/or between-f light . In any event, detectable wear would be 
cause for further investigation between-f light . 

The need exists to Identify liquid rocket engine internal wear surfaces and 
wear rates. One of the differences between air breathing engines and liquid 
rocket engines is that the latter currently have no procedure to Indicate 
surface wear, as contrasted to SOAP (Spectrographlc Oil Analysis Procedure) 
for air breathing engine lubricating systems. The need exists to identify 
liquid rocket engine internal wear surfaces and wear rates. The combination 
of these two technologies provides such a possibility. The system would 
satisfy an existing need, be fail-safe, non-lntrusive, with medium-to-long- 
development time and effort. It is strongly recommended. 

IN-FLIGHT INDIRECT CONDITION MONITORING 

An in-flight indirect condition monitoring system acquires performance data 
on the engine fluid path and rotating mechanical parameters. This in-flight 
data can be used to predict, detect, and diagnose failures after it has been 
validated, corrected, displayed and interpreted. The objective is to predict. 
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detect and diagnose prior to loss in mission capability. The important result 
from an engine monitoring system is the effect of the information on the main- 
tenance system. Air breathing engine monitoring systems have been designed 
with various degrees of sophisticated electronic systems, automatic recording, 
amount of data, etc., and with various degrees of success. 

The basic required data of the fluid path is the flowrates, pressures, and 
temperatures at each desired station. The data for the rotating mechanical 
equipment is the rpm. 

From Task II, four technologies were recommended for in-flight indirect 
condition monitoring: 

1. Ultrasonic flow meter 

2. Ultrasonic thermometer 

3. Digital quartz pressure sensor 

4. Optical tachometer 

An assessment has been made that the current pressure sensors, even though 
they may have some less than desirable characteristics, are adequate to meet 
the engine condition monitoring requirements; and similarly, adequate tach- 
ometers also exist. Therefore, technologies No. 3 and 4, digital quartz pres- 
sure sensor and optical tachometer, will not be considered further. 

With these two combined technologies, each failure mode will be discussed and 
the selected technology noted, as well as the reasons for the selection- 

Failure Mode 2: Coolant Passage Leakage/Restriction 

The in-flight sensor depends upon the measurement of several flowrates and 
finding a small difference of two large numbers , while the between-f light 
technology consists of locating coolant passage restrictions prior to the 
generation of a hot spot and the probable burn- through of the cooling passage. 

The primary problem of locating a coolant passage restriction is the fact that 
the restriction must be located by viewing from the outside of the passage. 
This problem has always existed and, in general, is similar to the problem of 
restrictions occurring in air breathing engine turbine air cooled blades. The 
proposed solution approach is similar - locating an Internal passage restric- 
tion by the measurement of the external surface temperature. Under some con- 
ditions, this solution approach has been successful for air breathing engine 
turbine air cooled blades. 

The selection is the Scanning Optical Pyrometer of between-f light technology. 
Failure Mode 3: Joint Leakage 


Since this failure mode does not lend itself to an in-flight sensor, the 
holographic leak detection was selected. 
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Failure Mode 5; High Torque Turbopump 

Both in-flight and between-f light suggest a wear detector, A combination of 
this technology, and with existing rpm tail-off and break-away torque would 
improve detection of a high torque. 

Failure Mode 6: Cracked Turbine Blades 


The selection was the optical pyrometer of the in-flight sensors and was the 
choice of a state-of-the-art technology over a novel technology. Currently 
the optical pyrometer is being used in several air breathing turbo-fan engines 
with a large degree of success. The pyrometer can detect, follow, and control 
turbine blade material temperature transients, as well as detect certain fail- 
ure modes for cooled turbine blades. It is proving a very valuable sensor. 

Rocket engines historically experience very large temperature transients 
(often thousands of degrees per second) . This is associated with the rapid 
start and cut-off transient brought about by the application requirements and 
the engine control system. These large temperature transients result in large 
thermal stresses. They have existed in the past, they exist today, and prob- 
ably will exist in the near future. The result is failed turbine blades. It 
is anticipated in the near future that cooled turbine blades will be incorpor- 
ated into liquid rocket engines. 

Therefore, the optical pyrometer is needed currently and within the foreseeable 
future. The optical pyrometers can be incorporated in liquid rocket engines 
with a large pay-off, non- intrusive, fail-safe, short development time, minimum 
effort, and is state of the art. It is very strongly recommended. 

Failure Mode 7: Cracked Convolution Bellows 


The in-flight sensor, a digital quartz pressure sensor, depends upon measuring 
the pressure difference between a cracked and an uncracked convolution. The 
between-flight technique would be exo-electron emission as a means of locating 
and characterizing fatigue damage. The current between-flight technique would 
be a horoscope inspection. The between-flight inspection technique is prefer- 
red and the existing procedure appears adequate. 

Failure Mode 8: Loose Electrical Connector 


No reasonable in-flight sensor or technique was determined. The procedure 
* would then be performed between-flight and the recommended technique would be 

connector continuity checking. 

Failure Mode 9; Bearing Damage 

Damage to the bearing probably occurs under dynamic conditions and could be 
detected by the in-flight fiberoptic def lectometer permitting corrective action 
either in-flight or between-flight. The wear detector (isotope tracer detec- 
tion) inspected between-flight would also indicate bearing damage. However, 
between-flight inspection does not permit the option of corrective action in- 
flight. Therefore, the in-flight sensor is preferred. 
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Failure Mode 10: Tube Fracture 


No reasonable in-flight sensor or technique was determined. The between-f light 
technique was exo-electron emission. The current between-f light technique 
would be an optical inspection for fluid leaks and is the preferred between- 
f light inspection technique. 

Failure Mode 11: Turbopump Seal Leakage 

Both the in-flight and between-f light technologies are wear detection; however, 
the existing technology consists of pressurizing the seal cavity with an inert 
gas between flights and measuring the pressure decay, which can be related 
directly to a leakage rate. Historically, acceptable leakage rates have been 
established and if the leakage rate exceeds acceptable limits, corrective 
action is indicated. Corrective action in-flight based upon wear detection 
and wear rates is very remote. The existing technology will be retained and 
wear detection will be added for between-flight inspection. 

Failure Mode 13: Valve Fails to Perform 


The in-flight selection is for the ’’Indirect Condition Monitoring”. The 
performance data along the fluid path would indicate the failure of the valve 
to perform and permit early corrective action. The between-flight inspection 
technology would not permit this possibility of early corrective action. 
Therefore, the in-flight technique is preferred. 

Failure Mode 14: Internal Valve Leakage 

The in-flight selection is for indirect condition monitoring. ' The performance 
data on the fluid path would indicate the internal valve leakage failure and 
permit early corrective action. The between-flight inspection technology 
would not permit this possibility of early corrective action. Therefore, the 
in-flight technique is preferred. 

Failure Mode 15: Regulator Discrepancies 

The in-flight selection is for indirect condition monitoring. The performance 
data along the fluid path would indicate a regulator discrepancy and permit 
early corrective action. The between-flight inspection technology would not 
permit this possibility of early corrective action. Therefore, the in-flight 
technique is preferred. 

Failure Mode 16; Contaminated Hydraulic Control Assembly 

Since this failure mode does not lend itself to an in-flight sensor, the 
particle analysis of between-flight inspection technology was selected. These 
selections are shown in Table 20 . 
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TABLE 20. UPGRADABLE TECHNOLOGY SELECTION 


FAILURE 

MODE 

CATEGORY 

FAILURE MODE 
DESCRIPTION 

UPGRADABLE TECHNOLOGY 

SELECTED 

IN-FLIGHT (I) 

BETWEEN-FLIGHT (B) 

2 

COOLANT PASSAGE 
LEAKAGE RESTRICTION 

ULTRASONIC FLOWMETER 

SCANNING OPTICAL 
PYROMETER 

B 

3 

JOINT LEAKAGE 

- 

HOLOGRAPHIC LEAK 
DETECTOR 

B 

5 

HIGH TORQUE TURBOPUMP 

RPM TAIL-OFF (EXISTING) 
WEAR DETECTOR 
(TUNABLE DIODE 
SPECTOMETER) 

BREAK-AWAY (EXISTING) 
WEAR DETECTOR (ISOTOPE 
TRACER DETECTION) 

. 

BOTH 

6 

CRACKED TURBINE BLADES 

PYROMETER 

EXO-ELECTRON EMISSION 

I 

7 

CRACKED CONVOLUTIONS 
BELLOWS 

DIGITAL QUARTZ PRESSURE 
SENSOR 

BOROSCOPE (EXISTING) 
EXO- ELECTRON EMISSION 

B 

(EXISTING) 

8 

LOOSE ELECTRICAL 
CONNECTOR 

- 

CONNECTOR CONTINUITY 
CHECKING (EXISTING) 

B 

(EXISTING) 

9 

BEARING DAMAGE 

FIBEROPTIC DEFLECTOMETER 

WEAR DETECTOR (ISOTOPE 
TRACER DETECTION) 

B 

10 

TUBE FRACTURE 

- 

OPTICAL INSPECTION 
(EXISTING) EXO-ELECTRON 
EMISSION 

B 

(EXISTING) 

11 

TURBOPUMP SEAL LEAKAGE 1 

WEAR DETECTOR (TUNABLE 
DIODE SPECTOMETER) 

PRESSURE DELAY (EXISTING) 
WEAR DETECTOR (ISOTOPE 
TRACER DETECTION) 

BOTH 

13 

VALVE FAILS TO PERFORM 

m 

WEAR DETECTOR (ISOTOPE 
TRACER DETECTION) 

1 

14 

INTERNAL VALVE LEAKAGE | 

THERMAL CONDUCTIVITY LEAK 
DETECTION 

I 

15 

REGULATOR DISCREPANCIES 

THERMAL CONDUCTIVITY LEAK 
DETECTION 

I 

16 

CONTAMINATED HYDRAULIC 
CONTROL ASSEMBLY 

- 

PARTICLE ANALYSIS 
(EXISTING) 

B 

(EXISTING) 
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PRIORITY OF SELECTION 


Two priority selection bases have been identified for the upgradable 
technology: (Table 21) 

1. The first selection basis is for a priority based-up frequency of 
occurance of the failure mode. Failure Mode No. 3, Joint Leakage, 
accounts for almost half the failures (45%) . The other three large 
frequencies are Failure Mode No. 2, Coolant Passage Leakage/Restric- 
tion (15%), Failure Mode No. 14, Internal Valve Leakage (12%), and 
Failure Mode No. 11, Turbopump Seal Leakage (8.5%). The first two 
Failure Modes (3 and 2) result in 60% of the total failures and the 
first four Failure Modes in over 80% of the total failures. Three 
of these four are between-f light technologies. Clearly, these 
upgradable technologies are very important. 

2. The second selection is based upon the magnitude of development 
effort required. Assuming limited developmental effort, which 
technology can be established for the least effort? The first is 
the pyrometer for detecting turbine blade temperatures in-flight. 

The second is the fiberoptic def lectometer for measuring turbopump 
bearing loads and damage in flight. The third is the indirect 
condition monitoring system. The first three are all in-flight 
technologies. The last three are all between-f light technologies 
and are wear detector, scanning optical pyrometer, and holographic 
leak detector. 
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TABLE 21, PRIORITY SELECTION LIST FOR UPGRADABLE TECHNOLOGY 


FREQUENCY 

RATING 

FAILURE MODE 
DESCRIPTION 

FAILURE 

MODE 

CATEGORY 

PERCENT 

UPGRADABLE TECHNOLOGY 

STATUS 

DEVELOPMENT 

EFFORT 

RANKING 

WHERE DETECTED 

TECHNOLOGY 

1 

JOINT LEAKAGE 

3 

4S 

BETWEEN-FLIGHT 

HOLOGRAPHIC LEAK DETECTOR 

N 

6 

2 

COOLANT PASSAGE LEAKAGE/ 
RESTRICTION 

■ 

■ 

BETWEEN-FLIGHT 

SCANNING OPTICAL 

pyrometer 

N 

5 

3 

INTERNAL VALVE LEAKAGE 

B 

B 

IN-FLIGHT 

INDIRECT CONDITION 
MONITORING 

N/S 

3 

4 . 

TURBOPUMP SEAL LEAKAGE 


1 

BETWEEN-FLIGHT 

PRESSURE DECAY WEAR 
DETECTOR 

EXISTING 

N 

4 

5 

REGULATOR DISCREPANCIES 

B 


IN-FLIGHT 

INDIRECT CONDITION 
MONITORING 

N/S 

3 

6 

VALVE FAILS TO PERFORM 

B 


IN-FLIGHT 

INDIRECT CONDITION 
MONITORING 

N/S 

3 

7 

CRACKED TURBINE ILADES 

6 


IN-FLIGHT 

PYROMETER 

S 

1 

8 

HIGH TORQUE PUMP 

5 

■ 


RPM TAIL-OFF 
BREAK- AWAY 

WEAR DETECTOR 1 

EXISTING 

EXISTING 

N 

1 

4 

9 

CONTAMINATED HYDRAULIC 
CONTROL ASSEMBLY 

16 

B 

BETVEEN-FLIGHT 

PARTICLE ANALYSIS 

EXISTING 

- 

10 

BEARING DAMAGE 

B 

1.5 

IN-FLIGHT 

FIBEROPTIC DEFLECTOMETER 
WEAR DETECTOR 

B 

2 

4 

11 

CRACKED CONVOLUTION 
BELLOWS 

B 

1.5 

BETWEEN-FLIGHT 

BOROSCOPE 


- 

12 

TUIE FRACTURE 

10 

1 

lETWEEN-FLIGHT 

OPTICAL INSPECTION 

EXISTING 

- 

13 

LOOSE ELECTRICAL 
CONNECTOR 

8 

B 

lETWEEN-FLIGHT 

CONNECTOR CONTINUITY 
CHECKING 

EXISTING 

- 


87 
















































CONCLUDING REI4ARKS 


The following concluding remarks are made with regard to this report. 

1. Approximately 85,000 liquid rocket engine failure reports, from 

30 years of developing and delivering major pump fed engines, were 
reviewed and screened, and reduced to 1771. These were categorized 
into 16 different failure modes. These failure modes were common 
to all engines and historically consistent. 

2. The state of the art of engine condition monitoring for in-flight 
sensors and between-f light inspection technology was determined. 

3. Failure propagation diagrams for the 16 failure modes were estab- 
lished; the potential measurands and diagnostic requirements were 
identified and compiled. The sensors and inspection technology 
were matched with the measurands and requirements. 

4. The sensor and inspection technology was assessed and ranked. 

5. Areas requiring advanced technology development have been identi- 
fied and are as follows: 

a. Direct In-Flight Condition Monitoring 

(1) Optical Pyrometer - turbine blade temperatures 
Very strongly recommended 

(2) Fiberoptic Def lectometer - bearing condition 
Very strongly recommended 

(3) Isotope Wear Detector - wear particles 
Strongly recommended 

(4) Tunable Diode Laser Spectrometer - wear particles 
Strongly recommended 

b. Indirect In-Flight Condition Monitoring 

(5) Ultrasonic Flowmeter - propellant flow 
Very strongly recommended 

(6) Ultrasonic Thermometer - high temperatures 
Very strongly recommended 

c . Between-Flight Inspection Techniques 

(7) Holographic Leak Detector - fluid leaks 
Strongly recommended 

(8) Scanning Pyrometer - blocked fluid passages 
Recommended 
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APPENDIX A 


GENERAL DESCRIPTION OF CONVENTIONAL ROCKET ENGINES 

Conventional rocket engines are defined as bipropellant engines that use liquid 
oxygen and a hydrocarbon based fuel (RP-1) for combustion (Fig. 33 ). The pro- 
pellants are fed into the thrust chamber (the major engine component that trans- 
forms, through combustion, the potential energy stored in the fuel into kinetic 
energy by means of centrifugal pumps powered by gas generator-driven turbines. 

The flow of propellants is regulated by valves which, in turn, are controlled by 
hydraulic, electrical and/or pneumatic systems to establish required valve actua- 
tion relationship for engine operation. An ignition system, either by means of 
hypergolic pyrotechnics or electrical spark plugs, Initiates combustion in the 
thrust chamber and gas generator. Most engine systems are provided with a purge 
system that protects some components from contamination by the external environ- 
ment or protect critical areas against mixture of potential hazardous leakage of 
propellants. Other subsystems might be found on conventional engines depending 
on their cycles of operation or state-of-the-art development. 

The conventional rocket engines (Fig. 34 ) referred to in this study are: Atlas 

MA-3 and MA-5, Thor, RS-27, F-1 and H-1. The J-2 engine is a more advanced type 
of propulsion system since it uses hydrogen as fuel, yielding a higher specific 
impulse (426 sec/vacuum). The SSME propulsion system, again using hydrogen as 
fuel, is another step forward in state of the art, and uses a two-stage combustion 
process requiring higher pressures and making a more efficient use of propellants. 
A brief description and application of these propulsion systems follows. 

SPACE SHUTTLE MAIN ENGINE (SSME) 

The high performance requirements of the SSME engine demand the use of a staged 
combustion power cycle (Fig. 35 ) coupled with high combustion chamber pressures. 
In the SSME staged combustion power cycle, the propellants are partially burned 
at low mixture ratio, very high pressure, and relatively low temperatures in the 
preburners to produce hydrogen-rich gas to power the turbopumps. The hydrogen- 
rich steam is then routed to the main injector where it is injected, along with 
additional oxidizer and fuel, into the main combustion chamber at a high mixture 
ratio and high pressure. Hydrogen fuel is used to cool all combustion devices 
directly exposed to contact with high-temperature combustion products. An elec- 
tronic engine controller automatically performs checkout, start, mainstage and 
engine shutdown functions. 

The SSME was developed especially for the Space Shuttle Orbiter vehicle, which 
uses three systems for launch. The SSME is a reusable, high performance, liquid 
propellant rocket engine with variable thrust. The engine is ignited on the 
ground at launch and operates in parallel with the solid rocket boosters during 
the initial ascent phase and continues to operate for approximately 480 seconds 
total firing duration. Each of the rocket engines operates on a mixture ratio 
of 6:1, and a chamber pressure of 3000 psia to produce a sea-level thrust of 375K 
pounds of thrust. The engine is throttleable over a thrust range of 65 to 109% 
of design thrust level. This provides a higher thrust level during liftoff and 
the initial ascent phase, and allows orbiter acceleration to be limited to 3 g 
during the final ascent phase. The engines are gimbaled to provide pitch, yaw, 
and roll control during orbiter boost phase. 
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Figure 34. Conventional Rocket Engines 


ON-OFF ISOLATION VALVE 



AND THRUST LEVEL 


Figure 35. Simplified Engine Control System, Staged Combustion Engine 






J-2 ENGINE 


The J-2 rocket engine is a high-performance, multiple-restart engine that uses 
liquid oxygen for oxidizer and liquid hydrogen for fuel. Each propellant is 
pumped into the thrust chamber by separate gas-turbine-driven, direct-drive turbo- 
pumps. The two turbopumps are powered in series by a single gas generator that 
uses the same propellants as the thrust chamber. The thrust chamber is tubular- 
walled and is regeneratively cooled by circulating fuel through the tubes before 
the fuel is injected into the combustion area. The engine has a refillable start 
tank from which pressurized gaseous hydrogen is routed to the turbopump turbines 
for starting the engine. This feature, combined with the augmented spark ignition 
system, makes the J-2 a multistart engine. 

The J-2 engines were ignited at altitude as they powered the second stage of the 

Saturn V Vehicle and developed 225K pounds of thrust. The burn duration was 

480 seconds with a mixture ratio of 5.50 (0/F) . It yielded a specific impulse 

(I ) of 423.8. 
sp 

The J-2 rocket engine was developed to provide the power for the SIVB stage of the 
Saturn IB vehicle and for the SII and SIVB stages of the Saturn V vehicle. 

The SII stage is propelled by a cluster of five J-2 engines, four outboard engines 
and one inboard engine. Because only a single engine start is required for SII 
stage application, the engines are modified to delete the engine restart capability 
by blocking off the start tank refill lines. The inboard and outboard engines are 
basically identical. 

The SIVB stage is propelled by one J-2 engine. The engine used in the Saturn IB, 
SIVB stage, and the engine used in the Saturn V, SIVB stage are basically identical. 

H-1 ENGINE 

The H-1 rocket engine is a single-start, fixed thrust, pump-fed, regeneratively 
cooled liquid bipropellant engine that uses liquid oxygen and RP-1 fuel. The 
propellants are supplied to the glmbal-mounted thrust chamber by a gas generator- 
driven turbopump that has two centrifugal pumps on a single shaft. The engine is 
calibrated to develop a sea-level rated thrust of 205,000 pounds of thrust with an 
Igp of 263.4 seconds at a mixture ratio of 2.23:1 oxidizer/fuel. The H-1 engine 
was ignited on the ground and the scheduled burn duration was 150 seconds. 

The H-1 engine was developed to boost the Saturn IB vehicles. In the first stage 
booster, eight H-1 engines were used in a two-concentric arrangement, four out- 
board, and four inboard. The outboard engines were capable of being glmbaled for 
pitch, yaw, and roll control. At launch the vehicle was held down until satisfac- 
tory mainstage combustion was established in all eight engines. 
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F-1 ENGINE 


The F-1 engine is a single-start, fixed thrust, liquid bipropellant engine, cali- 
brated to develop a sea-level-rated thrust of 1,522,000 pounds with an Igp of 265 
seconds during 150 seconds of operation* Engine propellants are liquid oxygen and 
propellant RP-1 (kerosene) fuel at a mixture ratio of 2.27:1. The propellant fuel 
is used as the working fluid for the gimbal actuators and for the engine control 
system, and is also used as the turbopump bearing lubricant. 

The F-1 engine features a two-piece thrust chamber that is tubular-walled and 
regeneratively cooled to the 10:1 expansion ration plane, and double-walled and 
turbine gas cooled to the 16; 1 expansion ration plane; a thrust chamber mounted 
turbopump that has two centrifugal pumps on a single shaft driven by a two-stage, 
direct-driven turbine; one-piece rigid propellant ducts that are used in pairs to 
direct the fuel and oxidizer to the thrust chamber; and a hypergolic fluid car- 
tridge that is used for thrust chamber Ignition. 

thrust vector changes are achieved by gimbaling the entire engine. The gimbal 
block is located on the thrust chamber dome, and actuator attach points are pro- 
vided by two outriggers on the thrust chamber body. 

The F-1 propulsion system was developed to provide the power for the booster 
flight phase of the Saturn V vehicle. Five engines are clustered in the S-IC 
stage of the Saturn V to obtain the necessary 7,610,000 pounds thrust. The 
ignition of the engine takes place on the ground and the vehicle was not released 
until satisfactory mainstage operation was established in all five engines. 

RS-27 ENGINE 

The RS-27 rocket engine is, like the H-1 engine, a single-start, fixed thrust, 
pump-fed, regeneratively cooled liquid bipropellant engine that used liquid 
oxygen and RP-1 fuel. The propellants are supplied to the gimbal-mounted thrust 
chamber by a gas generator driven turbopump that has two centrifugal pumps on a 
single shaft. The engine is calibrated to develop a sea-level thrust of 205K 
pounds of thrust with an Igp of 262.7 seconds and a mixture ratio of 2.24:1 
oxidizer /fuel. 

The RS-27 engine system was developed from H-1 and Thor engines hardware, to serve 
as a booster engine for the Delta Launch vehicle. 

The engine is ignited on the ground and for over 240 seconds operates in parallel 
with a number of solid propellant booster rockets clustered around the vehicle. 

Its mission is to power the first stage of the Delta launch vehicle used to place 
in orbit a variety of commercial satellites. 



THOR ENGINE 


The Thor engine is like the RS-27, a single-start fixed thrust, pump-fed, regener- 
atively cooled liquid engine that used liquid oxygen and RP-1 fuel. The propel- 
lants are supplied to the gimbal mounted thrust chamber by a gas generator-driven 
turbopump that has two centrifugal pumps, on a single shaft. The latest version 
of the engine is calibrated to develop a sea-level thrust of 170K pounds of thrust 
with an I of 247 seconds and a mixture ratio of 2.30:1, oxidizer/ fuel . 

sp 

The Thor engine, developed in the late 1950’ s, was designed to serve as the main 
propulsion system for the Thor missile. 

Lately, the Thor, with a burn duration of 175 seconds, has been used to orbit 
payloads . 

ATLAS ENGINE 

The Atlas propulsion system is composed of two separate types of engines, booster 
and sustainer. The booster consists of two low altitude thrust chambers with 
their components, similar to the H-1 or RS-27 engines. The sustainer engine is a 
high-performance propulsion system designed for high-altitude operation. The 
design of the system is such that the booster engines deliver 330K of thrust and 
burn of 145 seconds, the sustainer engines have a thrust of 57K and operate for 
320 seconds. 

The Atlas engine, MA-3 version, was developed to power the ICBM missiles in the 
late 1950s. An uprated version, the MA-5 engine, was developed for use as an 
intermediate launch vehicle. 

The Atlas engine systems yield a specific impulse of 258 seconds for the booster 
and 219 for the sustainer. The mixture ratio for both engines is 2.25. 

Currently the Atlas MA-3 version E/F series is used to boost classified payloads. 
The MA-5 engine systems are incorporated into NASA’s SLV-3D launch vehicle that is 
used to place satellites in orbit. 
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APPENDIX B 


FAILURE SUMMARY SHEETS 

Each failure mode that passed the UCR screening process has been documented as 
one of the following sheets. Each sheet, one per each failure mode, records the 
failure mode and cause, the frequency of failure, the design life, if available, 
and the effect of the failure upon the subsystem and/or engine- Further identi- 
fication is shown with respect to the failure type, criticality, reaction time, 
and the detection method used. An evaluation is made with respect to failure 
predictability, and potential measurands of the parameters that are affected by 
the failure. Based on these elements, a selection of suitable in-flight monitor- 
ing systems and between-f light inspection techniqijes is presented for each failure 
mode. All these data are recorded in a format that was approved and found appro- 
priate for conducting this study. 
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FflrTflR 

IDENTIFICATION ' 


COMPONENT NAME - EVALUATION CONDUCTED AT THE ENGINE SYSTEM AND COMPONENT OR LINE 
REPLACEABLE UNIT (LRU) LEVEL. THE MAJOR CATEGORIES TO BE EVALUATED ARE: 


1. ENGINE SYSTEM 

2 . THRUST CHAMBER 


(a) PROPELLANT CONTROL VALVES 


4. INTERCONNECTS 

(a) DUCTS AND LINES 

(b) HEAT EXCHANGER 

(c) SEALS 

5. COMBUSTION DEVICES 

(a) GAS GENERATOR 

(b) PREBURNER 

(c) IGNITERS 


• OXIDIZER VALVE 

t GAS GENERATOR AND PREBURNER 
VALVES 

• IGNITER VALVES 

(b) ELECTRONIC CONTROLLERS 
(€') PNEUMATIC SYSTEM 
(d) HYDRAULIC SYSTEM 
TURBOMACHINERY 

(a) FUEL PUMP 

(b) OXIDIZER PUMP 


FAILURE MODE AND CAUSE - A BRIEF DESCRIPTION OF THE FAILURE MODE AND CAUSE 
WHICH CONTRIBUTED TO THE FAILURE. APPLICABLE HYPOTHESIZED FAILURE MODES 
AND CAUSES WILL ALSO BE INCLUDED. 

FREQUENCY OF FAILURE - THE NUMBER OF OCCURRENCES OF SUBJECT FAILURE MODE 
EXPERIENCED BY ENGINE SYSTEM AND/OR COMPONENT WITH RESPECT TO TOTAL ENGINE 
OPERATIONS 

DESIGN/ACTUAL LIFE - WHERE DESIGN AND LIFE INFORMATION EXIST, THE LIFE OF THE 
COMPONENT UNTIL FAILURE OCCURRENCE AND DESIGN LIFE WILL BE DOCUMENTED 

EFFECT OF FAILURE - EFFECT OF FAILURE INCLUDING DESCRIPTION OF THE FAILURE MODE 
SHOWING FREQUENCY OF'EVENTS RESULTING IN THE ULTIMATE FUNCTIONAL EFFECT ON ENGINE 
OPERATION (i.e., PERFORMANCE DEGRADATION. PREMATURE SHUTDOWN, EXPLOSION - 
UNCONTAINED, ETC.). 

FAILURE TYPE - LEAKAGE, STRUCTURAL, OVERPRESSURE, OVERTEMPERATURE, OPERATIONAL, 
EXCESSIVE WEAR, ETC. 

PRIMARY OR SECONDARY FAILURE - FAILURE MECHANISM OR COMPONENT FAILURE BEING THE 
PRIMARY CAUSE OF THE FAILURE MODE OR FAILURE MODE MANIFESTED BY ANOTHER FAILURE 
OCCURRENCE 

CRITICALITY - THE FAILURE MODE ASSESSED AS TO ITS FUNCTIONAL EFFECT ON ENGINE 
OPERATION: 

CRITICALITY CATEGORY ENGINE EFFECT 

1 EXPLOSION, BURNTHROUGHS, UNCONTAINED 
FRAGMENTATION 

2 PREMATURE ENGINE SHUTDOWN - ENGINE DAMAGE 

3 PREMATURE ENGINE SHUTDOWN - NO DAMAGE 

4 PERFORMANCE DEGRADATION 

5 NO EFFECT 

REACT TIME - ESTIMATE OF THE TIME FROM DETECTION OF EFFECT TO FAILURE OCCURRENCE 
Imm = IMMEDIATE (MILLISECONDS RANGE) 

Inst = INSTANTANEOUS (LESS THAN A FEW SECONDS) 

TIME GREATER THAN A FEW SECONDS TO BE AS NOTED 

DETECTION METHOD (USED) - DESCRIBE METHOD OR INSTRUMENT BY WHICH FAILURE WAS 
DETECTED 

FAILURE PREDICTABILITY - DESCRIBE WHETHER FAILURE MECHANISM COULD BE PREDICTED 
THROUGH REVIEW OF OPERATIONAL DATA OF PREVIOUS OPERATIONS AND/OR GROUND INSPECTION 
TECHNIQUES. (WEAR INDICATORS, TRENDS ANALYSIS OF PERFORMANCE PARAMETERS, ETC.) 

RESOLUTION - BRIEFLY DESCRIBE RESOLUTION METHOD FOR PREVENTING RECURRENCE OF FAILURE 

VIABLE IN-FLIGHT MONITORING - LISTING VIABLE ENGINE CONDITION MONITORING DEVICES 
CAPABLE OF DETECTING FAILURE (TASK II) 

BETWEEN-FLIGHT INSPECTION - LISTING OF BETWEEN-FLI6HT INSPECTIONS AND TECHNIQUES THAT 
WOULD PROVIDE VERIFICATION OF ENGINE INTEGRITY PRIOR TO NEXT FLIGHT 

REMARKS - ADDITIONAL INFORMATION NECESSARY FOR DESCRIPTION AND EXPLANATION 
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FAILURE SUMMARY SHEETS 
SSME DATA 
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FAILURE MODE AND CAUSE 


lolt Toraue Relaxation 


A. Main Oxidizer Valve 

Caused by high flaw 
velocity, valve geametry 
and valve- tine interface 
geometry which trigger 
aiinarmai acaustlc levels and 
subseguent vibratlan. 

Redesign af hardware 
abviates new detection 
devices. 



EFFECT OF FAILURE 


FRIMARY 

FAILURE TYPE OR 

SECONDARY 

failure 


Premature engine shutdown Cavitation 

by MOV vibration safety Vibration 

cutaff with passible Structural 

damage ta engine. Acaustlc 

Vibratlan Induced 
mechanical/structural 
failures resulting In 
fire and explaston In MOV 
area. Test was cut off 
at 255. t Sec by HPFT 
turbine discharge Temp 
redi Ine. There was 
severe damage ta engine 
detected past test. 



DETECTION 

METHOD 

USED 


Vibratlan 
safety cutaff 


Post-test 

Inspection 


FAILURE 
PREDICTAIILITY 
AND METHOD 



POTENTIAL 

MEASURANDS 


Vibratlen 
Acoustics 
♦ScrEw Loosen inf 
Leak 
Frettinf 
Extension 


♦Are Detectable 
le tween Flight Only 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


remarks/comments 






















i 


¥ 


I 


FAILURE MODE AND CAUSE 


Cvolant Passage Leakage 


Nozzle Tube Splits and 
Xuptures 

Caused by material embrittle' 
ment from prior repairs, 
start and shutdewn transient 
surges, contaminatien 
clogged tubes, intermittent 
braze with reglens ef nan- 
braze. 

Caused by thermal strain 
and/er braze paras I ty 
because af pri ar repairs, 
leakage thraugh braze joint 
due to insufficient bonding 
during braze cycie. 



EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE 0" CRITICALITY 

SECONDARY 
FAILURE 



Lass af fuel at nazzle 
tubes caused premature 
engine cutaff due ta HPOT 
discharge temperature 
exceeding redtine. 


Overtemp and Primary 
leakage. 


DETECTION 

METHOD 

USED 


HPOT turbine 
[Temp cutaff 


FAILURE 
PREDICTAilLITY 
AND METHOD 


External fuel leakage 
wauld result in fire 
hazard and wauld cause 
perfarmance degradatian, 
and caalant lass. 


Thermal stralni Primary 


potential 

1 


Past* test 
inspect Ian 


POTENTIAL 
ME ASU RANDS 


HeUl Embrittlement 
Pressure Transient 
♦Tube Splits 
Flow, Reduction 
Mixture Ratle Shift 
Temperature, Rise In 
Combust itn 


♦Are Detectable 
le tween Fli|ht Only 


VIAILE IN FLIGHT MONITORING SYSTEMS 


16TWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure 

Quartz, Difltal 
Fiberoptic 
User, Digital 
S.A.W., Digital 

Ultrasonic Thermometer (Flame) 

Ultrasonic Flowmeter (Nozzle) 

Polarometer 

Tunable Diode Laser Spectrometer (Mixture Ratio) 


Ultrasonic Leak 
Aceustfc Holofraphy 
X-ray Radiography 
Gamma Radiography 
Pentoxide Polaremetry 
Hydrogen Polarometry 
Hygrometer 
Optical Pyrometry 
Holegraphic leak 
Millimeter-wave Interferometry 



























ENGINE SYSTEM/COMPONENT SSHE/HP Fuel Turb»pum»-Stat i c Seals 


Pafe 3 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

DESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAIILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

3 . Joint Leskafc 
A. Hot Gas 

Caused by scratched »r 
damaged seals and/or flanfcs- 
flanfe and/or seal dlstertlen 
from manufacturing and 
instal lat ion-loesened plug 
In tap. 

5f 
2. It 


One instance resulted in 
premature cuteff due t« 
fire in LPFTP area. This 
is primary cancern ef hat 
gas leakage which can 
result In f 1 re/exples len 
•r at best, damage t* 
adjacent hardware. 

Defects In 
material 
Improper 

instal lat Ian 
Warping 
Torque 

relaxation 

Primary 

2 er 

potent la 1 
1 

Imm 

Operator 

observer cuteff- 
V I sua 1 


•Distortion 
♦Torque Relaxation 
Leak 
Fire 

♦Are Detectable 
letween Flight Only 

VIAiLE IN FLIGHT MONITORING SYSTEMS 

■ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 


Ultrasonic Exttnslameter 

Ultrasonic Leak 

leak Tipe/Ceatinf 

Optical leak 

Laser Interferometry 

Differential Radiometry 

Holographic Leak 

Resistivity Men 1 taring 

Ka1og«i leak 

Flow Leak 

Hass Spectrometry 

Thermal Leak 

Torquing 

Leak Fluid 

Pressure Decay 
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FAILURE MODE AND CAUSE 


5. HIth Torfue 


a. Excessive Vibration 

Caused by rubbin§ «f the 
interstate seal with 
cansetuent abnormal 
G-Ievels, 

b. Excessive Torque 
Caused by rubbfn§ of the 
interstate seal and/ar 
malfunctian af turbine tip 
sea 1 $ . 


FREQUENCY 

OF 

FAILURE, 

% 

LIFE 

DESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

primary 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

2f 


Premature test cutmff by 

interference 

Primary 

3 

I.U 


HPFT vibratian monitor. 

Excessive 





Na sign if leant damage to 

temperature 





engine. 

Vibration 



I3f 


These accurrences were 

Interference 

Primary 

5 T 

7.3X 


detected during post-test 

Excessive 


potential 



torgue checks with 

temperature 


2 or 3 



carrective act Ian taken 

Vibratian 





ta prevent recurrence. 






Prapagation of this 






failure, if not detected 






and carrected wauld 






result in effects as 






noted In “a** and possible 


- 




DETECTION 

METHOD 

USED 


HFFT vi brat fan 
man i tar. 


FAILURE 
PREDiCTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANDS 


Torque Ripples 

Temperature, Seals 

Vibration 

Acoustics 

Worn Particles 

RPM Tail off 

Contaminants 


Post-test 
inspect i an. 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


RTD Thermometer 
Optical Tachometer 
Accelerometer 
Isotope Wear Detector 
Hydrophone 

Ferromagnetic Torqucmeter 
Tunable Diode Laser Spectrometer 


Isotope Thermometry 
Isotope Tracers 
Particle Analysis 
loresdoping 
Optical Proximity 
Torquing 










































ENGINE SYSTEM/COMPONENT 


SSHE/HIgh Pressure Fuel Turkopump 


FREQUENCY 

FAILURE MODE AND CAUSE fa?LUPE 

% 


6. Cracked Turbine Blades 


Caused by thermal spikes 
during engine start/cuteff 
transients with resultant 
spalling »f protective 
coatings and lecalized 
melting ef turbine parts. 
Alse due te debris and/or 
contamination Impacting on 
nozzle or other turbine 
parts. 

Redesign of hardware 
obviates new detection 
devices. 



EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE CRITICALITY 

SECONDARY 
FAILURE 




These occurrences were Hlgh~energy 
all detected during post- transients 
test or removal 
Inspection and corrective 
action taken to prevent 
recurrence. Propagat I on 
of these failures with- 
out detection could 
result In severe damage 
to pump and possibly to 
engine. 



5 er 

potential 

I 


DETECTION 

METHOD 

USED 


Post test 
and/or removal 
Inspect ion 


FAILURE 
predictability 
AND METHOD 



POTENTIAL 

MEASURANDS 


Fatigue ' 

Temperature, Transient 
Pressure, Transient 
•Foreign Object Oamafe 
Vibration 
Acoustics 
•Fatigue 
Balance 



•Are Detectable 
Between Flight Onlj' 


VIABLE IN FLIGHT MONITORING SYSTEMS 


BETWEEN FLIGHT INSPECTION TECHNIQUES 


remarks/comments 


Pressure Sensors 
Quartz, Digital 
Fiberoptic 
Laser, Digital 
S.A.W., Digital 
Pyrometer 
Vibration 
Hydrophone 

Fiberoptic Bearing Detector 
Exo-electron Detector 


Ultrasonic Flaw 
Isotope Thennometry 
Isotope Tracers 
Kemnant Magnetization 
Optical Holography 
Borescaping 
Exo-e1ectron Emission 
Positron Annihilation 
Electric Current Injection 
‘Eddy Current 
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ENGINE SYSTEM/COMPONENT SSHE/Hi^h Pressure Fuel Turfco^ump “lellows & Sh leU 


Pase 9 


FAILURE MODE AND CAUSE 


7. Crack - Conviutions 
I iel lows 

Caused by hi§h cycle 
j fatifue 


PESJGN/ACTUaJ EFFECT of failure 


FRtMARY 

FAILURE TYPE OR CRITICALITY 

SECONDARY 

failure 


Detected durlnj pest test Hifh-ener§y 

Inspection and cerrective transients 

actien taken. Propafa- 

tien of this failure 

could result In hot fas 

leakage with passible 

engine damage. 


5 #r 

patent la I 
I 


DETECTION 

METHOD 

USED 


Past-test 
Inspect I on-vi sual . 


FAILURE 
PREDICTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANDS 


Temperature, Transient] 
Pressure, Transient 
♦Foreign Object Damage 
Aceustics 
Vibration 
‘ *Fatigue 


♦Are Detectable 
letween Flight Only 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure Sensor 
Quartz, Digital 
Fiberoptic 
Laser, Digital 
S.A.W., Digital 
RTD Thermometer 
Accelerometer 
Hydrophone 


Ultrasonic Flaw 
Isotope Thermtmetry 
Remnant Magnetization 
loresceping 
Penetrants 
Optical Holography 
Exo-electron Emission 
Positron ^nlhllatian 
Electric Current Injection 
Eddy Current 




f 


ENGINE SYSTEM/COMPONENT SSHE/Electricai Harnesses 


FAILURE MODE AND CAUSE 


Assume caused by lm|ir*ber 
tarque cambined with 
effects of V I brat Ian durlnj 
test. 

Aedesifn af hardware 
•bviates new detect ian 
devices. 



EFFECTOF FAILURE 


PRIMARY 

failure type 0" CRITICALITY 

SECONDARY 
FAILURE 


DETECTION 

METHOD 

USED 


All af these Instances 
were detected during past- 
test Inspect Ian and 
carrective act I an taken. 

In twa Instances, FID 
displays were actuated by 
cannector failure. 
Dependent an the lacatJan 
af the cannector which 
cauld become loase ar 
dtsenaafed, any number af 
failures cauld accur, 
Including engine cutaff. 
This wauld be catastrophic 
If accurrence was during 
flight. 


High energy 
transients: 
Vibration heat 
acaustics 



5 ar 

potential 
1 . 2 ar 3 



FAILURE 
PREDICTAIILITY 
AND METHOD 


POTENTIAL 
MEASU RANDS 


♦High Temp. Transient 
Torgue, Relaxation 
Continuity, Intermit. 
Separation I 


♦Are Detectable 
letween Flight Only 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


iETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 



Isotope Thermometry 
Continuity Checking 
Topquing 
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ENGINE SYSTEM/COMPONENT SS HE Hi§h Pressure Oxidizer Turbo 


FAILURE MODE AND CAUSE 


tearina Damaae 


Caused by incipient spall inf 
and/or superficial wear 
associated with the load 
track-insufficient bending 

of bearing cage wrap. 



EFFECT OF FAILURE 


These occurrences were 
ail detected during pest- 
test inspection and 
corrective action taken, 
if not detected, propa- 
gation of these conditions 
could result in bearing 
failure with possible 
severe datnage to pump 
and/or engine. 


rpIMARY 

FAILURE TYPE OR CRITICALITY 

SECONDARY 
FAILURE 




5 or N/A 

potential 


DETECTION 

METHOD 

USED 


Post-test 

inspection 


FAILURE 
PREDtCTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANDS 


Temp., Excessive Race 

Vibratitn 

Acoustics 

Torque, Ripples 

Worn Particles 

RPH Tail off 

Fatigue 

Contaminant 

Balance 


VIABLE -IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Optical Tachometer 
Isotope Detector 
Fiberoptic Detector 
RTO Therrocwneter 
Accelerometer 
Hydrophone 

Ferromagnetic Torqoemeter 
■ Exo-electron Detector 
Tunable Diodelaser Spectrometer 


Ultrasonic Flaw 
Isotope Thermometry 
Isttape Tracers 
Particle Analysis 
Borescopinf 
Exo-electron Emlsslan 
Positron Annihilation 
Eddy Current 
Terquing 



























FAILURE SUMMARY SHEETS 
J-2 ENGINE DATA 



FAILURE MODE AND CAUSE 


EFFECT OF FAILURE 


FAILURE TYPE O" CRITICALITY 

SECONDARY , TIME 

failure 


FAILURE 
PREOICTAilLlTY 
AND METHOD 


I . loH Tt^uc Relaxation 

b. Sequence Valve Internal 
Leakage 

Caused by low ter^ue en 
llRSea) retainer screws 
alUwtnf leakafe east the 
Flanfe Rertlen ef the 
liRseal. 


Resulted In partial 
open inf ef GG centre I 
valve at en§ine start. 
Premature introduction 
of propellants Intp GG 
will cause detonation 
at start with possible 
damafe te GG. 


Torpue 

relaxation 


Pr imary 5 er 

potential 


Post-test 

checkout 


VIAILE IN FLIGHT MONITORING SYSTEMS 


■ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 



















FAILURE MODE AND CAUSE 


3. J»lnt Leakaie 


Caused frlnwrily by 
damaqed/defecti ve seats. 
Teflen extrusien *f seal 
and eff-center installatUn 
are a Is* cvntrlbutinf 
factors. 

Carrective measures have 
been Initiated te central 
these preblems. 



EFFECT OF FAILURE 


PBIMARY 

FAILURE TYPE OR CRITICALITY 

SECONDARY 
FAILURE 


Twe ef these failures 
resulted In premature 
test cuteff due te fire 
In engine area-enly 
miner damage eccurred. 
Vfhlle human errer and 
peer manufacturing and 
handling precedures 
centrlbute greatly te 
the Incidence ef this 
type ef failure, the 
patent iai canseguences 
ef hat gas leakages 
mandate alt passible 
effert far their central. 


Plastic 

defermatlon 



DETECTION 

METHOD 

USED 


Observer cuteff 
when fire 
detection Temp 
exceeded redl ine 


FAILURE 
PREDICTAIILITY 
AND METHOD 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 



UUrtsonlc Extensiometer 

Ultrasonic Leak 

Leak Tape/Coating 

Optical Leak 

Laser Interferometry 

Differential Kadlometry 

Holographic Leak 

Resistivity Monitoring 

Halogen Leak 

Flow Leak 

Mass Spectrometry 

Thermal Leak 

Torquing 

Leak Fluid 

Pressure Decay 
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FAILURE 
PREDiCTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANOS 


Caused by wheel rub due to 
axial vibration. 


Design change initiated t« 
correct this prabiem. 


These fai I ures were 
detected during pre/post 
test inspectlan and 
corrective action taken. 
Propagation af this 
fai lure could resul t in 
additional damage to 
turbine area with 
performance degradation 
almost certain. 


Structural 

and 

vihrat ion 



potential 

It 


Pre/post test 
inspection 



VIAiLE IN FLIGHT MONITORING SYSTEMS 


tETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure Sensors 
Quartz. Digital 
Fiberoptic 
Laser, Digital 
S.A.W., Digital 
Pyrometer 
Vibration 
Hydrophone 

Fiberoptic tearing Detector 
Exo-electron Detector 


Ultrasonic Flaw . 
Isotope Thermometry 
Isotope Tracers 
Remnant Naanetizatien 


liPlPIleJu 


lorescaping 
Exo-electron Emission 
Positron Annihilation 
Electric Current Injection 
Eddy Current 



4 


i 
























9 



9. tear in 

g Damage 


no failur 

e analysis 

Is 

aval lable 

for this failure 

but condi 

tion could 

be 

caused by 

cantaminat 

ian in 

bearing or by damage 

ta 

bearing parts due to 


improper 

lubrication 

ar 

handling 

during inscal lation 

Dr servtc 

ing. 




EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE OR CRITICALITY 

SECONDARY 
FAILURE 



POTENTIAL 
ME ASU RANDS 


OeCected m$c test during Structural 

disassembly, tearing 

retainer and bearing 

suRRsrt bare also damaged 

as a result of this 

failure. Undetected 

prmp»%at\mn of this 

failure cauld result In 

puma seizure and passible 

damage ta pump and engine. 



5 or 

patent iai 


Post-test 

pracedures. 



VIAILE IN-FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Optical Tachometer 
Isotope Detector 
Fiberoptic Detector 
RTD Thermometer 
Accelerometer 
Hydrophone 

Ferromagnetic Torquemeter 
Exo-electron Detector 
Tunable Diodelaser Spectrometer 


Ultrasonic Flaw 
Isotope Thermometry 
Isotope Tracers 
Particle Analysis 
lorescoping 
Exo-electron Emissibn 
Positron Annihilation 
Eddy Current 
Torquing 
























ENGINE SYSTEM/COMPONENT 


J-2/ASI Fuel lnjectl»n H»sc/Fuel Line 




FAILURE MODE AND CAUSE 

FHEQUENCY 

OF 

FAILURE. 

% 

life 

DESIGN/ ACTUAL, 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTABILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

10. Tube Fracture 
External fuel leakage 

Due to ASI fuel line rupture 
caused by inabe^uate line 
strength in vacuum environ- 
ment. Also a problem ef very 
little clearance bur inf 
instailatlen and removal 
procebures contributinf te 
bamafe to hose. 

Oesifn chan§es have been 
initiateb fer centre! of 
this problem. 

l»f 

.2l»3t 


One ef these failures 
resulteb In premature 
cuteff ef ene enfine at 
261 secenbs inte SA-S02 
mission anb another in 
failure ef enf ine te 
achieve mainstafe 
operation at secenb burn 
bur inf same mission, with 
con sequent cuteff by 
vehicle loflc when main- 
stafe pressure switch bib 
not actuate. Consiberable 
thrust chamber anb 
possible enfine bamafe 
ceulb felleM as a result 
of this failure. 

Leakafe anb 
fat ifue 

Primary 

3 er 

patent lai 
2 

imm 

Vehicle iofic 
cuteff bevice. 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 

•ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 


Ultrasonic Flaw 
Acoustic Emission 
X-ray ftablofraphy 
Penetrants 

Laser Interferometry 
Exo-electron Emission 
Positron Annihilation 
Electric Current Injection 
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ENGINE SYSTEM/COMPONENT J-2/ASI Oxidizer Valve 




FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

DESIGN /ACTUAL 
% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAIILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

13. Valve Fails t« Perform 
a. Moisture, Ice 
Va 1 ve fa lied to open . 

Caused by icing csnditlon in 
area of poppet and poppet 
guide resulting from 
moisture entering valve 
during component test. 

If 

.0621 

6f 

.37t 


Test abort since failure 
results in tack af 
ignition due t« lack af 
oxidizer supply ta ASI 
assembly. Pre-test 
checks detected valve 
fa i 1 ure. 

Cantaminatian 

(maisture) 

Primary 

3 

Imm. 

Visual - 
na start 



VlAiLE IN-FLIGHT MONITORING SYSTEMS 

•ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Pressor Sensors 
Quertz, Digit*! 

Fiberoptic 
Liser, DijIt*! 

S.A.W., Digit*! 

Isotope we*r Spectrometer 
Tun«b!e Diode Laser Spectrometer 

Ultrasonic Leak 
Acoustic Holography 
Isotope Tracers 
Pentoxide Polarometry 
Hygrometer 
Particle Analysis 
Laser Scattering 
Optica! Leak 
lorescoping 

Differentia! Radiometry 
Optica! Ha!ography 



i 


i 


4 




¥ 
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ENGINE SYSTEM/COMPONENT 


J-2/Oxidlzer Turbine lypass Valve 


FAILURE MODE AND CAUSE 


FREQUENCY 

OF 

FAILURE. 


LIFE 

OESIGN/ACTUAU 


l*». Internal Valve LeakajC 
a. Con tarn inat ten 

Slew-closinf valve dees net 
close completely. 

Caused by galiing ef fate 
rinfs and fate houslnf 
which increased valve 
friction force during last 
pertion ef valve travel. 

Some falling alse present In 
area ef drive shaft and 
retainer. Metal centaml na- 
tion frem turbine exhaust 
fas may also have been a 
contributing facter. 

Pedesign has been Initiated 
te reduce frictien and 
prevent galling te improve 
actuatien characteristics. 


EFFECT OF FAILURE 


PRIMARy 

FAILURE TYPE 0" CRITICALITY 

SECONDARY 
FAILURE 


All ef these occurrences Material and 

were detected during Interference 

pre/pest test tnspectien 

and checkout procedures 

and cerrective act ten 

taken. Failure ef valve 

to clpse during start 

sequence If not detected 

and cerrected weuld 

result In premature 

engine cuteff at 

expiration of sparks 

deenergized timer since 

low extdizer pressure 

v#ould prevent Injectien 

pressure switch pickup. 


5 or 

potential 

3 


DETECTION 

METHOD 

USED 


Pre/post test 
inspection and 
checkeut 
precedures. 


FAILURE 
PREDICTAHLITY 
AND METHOD 


VIAILE IN FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Ultrasonic Thermometer 
Accelerometers 

Isotope Detector . 
Hydrophone ■, 
Tunable Diode Laser Spectrometer 


Ultrasonic Leak 
Isotope Tracers 
Particle Analysis 
Laser Scattering 
Optical Leak 
lorescoping 

Differential Radiometry 
Optical Holography 
Optical Proximity 
Halogen Leak 
Flow Leak 
Mass Spectrometry 
Thermal Leak 
Torquing 
Pressure Decay 
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126 


ENGJNE SYSTEM/COMPONENT J-2/G.G. Contr#l Valve 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL. 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

criticality 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTABILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

internal Valve Leakage 
Cantinued 

internal leakage past 
^l»|iet/seat 

Caused by damage ta Foppet 
seal from reverse flow gast 
the fuel pogpet at engine 
start - damage ta glastlc 
seat by tie-wrag wedged 
between gogget and seat. 

Ilf 

.2ll3B 


These incidents were 
detected pre/past test 
and remedial act Ian taken 
Undetected leakage would 
result in unplanned 
delivery of ane ar bath 
prapellants ta GG with 
passible detanatlan at 
start and damage ta gas 
genera tar and/ar turbines 

Material 

Primary 

5 ar 

patent iai 
2 

N/A 

Fre/post test 
inspect I an. 



VIABLE IN-FLIGHT MONITORING SYSTEMS 

BETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 


% 
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FAILURE SUMMARY SHEETS 
H-1 ENGINE DATA 


C • ' 


ENGINE SYSTEM/COMPONENT H>1 Thrust Chamber 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE, 

% 

LIFE 

OESIGN/ACTUAL. 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

failure 

criticality 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREOICTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

2. Cm 1 ant Passage Leaka«e 

Due f cracks *r ruptures 
(mostly pin-hole type) in 
tubes, caused by overheat tnf 
as. the result of damage to 
tubes er disturbance ef the 
exhaust stream frem 
irregularities in T/C wall. 
Overheating of tubes has 
alse been caused by restric- 
tion of free coolant flow by 
flush-maunted phatocan 
basses an the T/C. Al sa 
caused by cracks In exit 
manifald braze jaint ar In 
tubes just upstream af braze 
Joint due ta averheating - 
ane cause af the averheating 
in this area is the 

3IF 


All af these failures 
were detected during past 
test checkaut and inspec' 
tian pracedures and 
carrective actian taken. 
External fuel leakage 
during engine operatian, 
hawever, would always 
present the problem af 
the passibMity af fire 
in the presence of an 
ignition source, with 
canseguent passibility of 
severe damage ta engine 

Over temp, 

Structural 

Material 

Primary 

5 

potential 
2. 3 

N/A 

Past-test 
checkaut and 
inspect Ian 



VIAtLE IN-FLIGHT MONITORING SYSTEMS 

■ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Fressure 

Quartz, Difital 
Fiberoptic 
User. oiQlUl 
S.A.W.. Offltil 

Ultrasonic Therroocneter (Flame) 

Ultrasonic Floianeter (Nozzle) 

Folarometer 

Tunable Diode Laser Spectrometer (Mixture Natlo) 

Ultrasonic Leak 

Acoustic Holofraphy 

X-ray Radiography 

Gaima Radiography 

PentiXide Folarometry 

Hydrogen Rolaremetry 

Hygrometer 

Optical Fyromet ry 

Holographic Leak 

Mill Imeter-wave Interferometry 





i 


ENGINE.SYSTEM/COMPONENT 


H-1 /Thrust Chamber 


FAILURE MODE AND CAUSE 


LIFE 

oesign/actual 


EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE On CRITICALITY 

SECONDARY 
FAILURE 


DETECTION 

METHOD 

USED 


FAILURE 
PREDICTAilLITY 
AND METHOD 


Coolant Passage Leakafe 
Cantinued 


extensUn af the manifold 
inta the hat §as stream. 


H-l thrust chamber design 
change has been modified so 
that exit manifold will be 
moved further outbaard fram 
the main flame stream to 
correct this latter prablem. 


VIAILE IN FLIGHT MONITORING SYSTEMS 


■ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 







13Q 


FAILURE MODE AND CAUSE 


. J«int Leakaae 


a. H«t Gas 

Caused by thermocouple blown 
•ut of boss; cracks !n GG 
combustar body and turbine 
manlfald; defective damaped 
•r broken sea Is/paskets; 
undertarpued baits ar relaxa- 
tian of torpue on baits 
durinp engine aperatlon. The 
majarity of these failures 
(ItO af the S9) were leakage 
past the seal between the 
G.G. and turbine assembly 
flanges. 

Suggest ian made ta 
Incarparate Naflex seals in 
Jaints using spirat~wau1d 
(f lexital 1 ic) gaskets. 



EFFECT OF FAILURE 


Twa af these failures 
resulted in premature 
termination af test by 
observer due to fire In 
turbine area and hat gas 
leakage at G.G. Nearly 
all these failures were 
detected and corrective 
act Ian taken during pre/ 
post test procedures. 

Hot gas leakage during 
engine operation or flight 
can result in fire In 
engine area with con* 
sepuent possibility of 
explosion and/or major 
damage ta engine and/or 
vehicle. 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 



Ultrasonic Extensltmeter 
UUrisonlc Leak 
Leak Tape/Coating 
Optical Leak* 

Laser Interferometry 

Differential Kadlometry 

Holtfraphlc Leak 

Resistivity Hon 1 tori nf 

Kaltg^ Leak 

Flew Leak 

Hass Spectrometry 

Themttl Leak 

Terquinf 

Leak Fluli 

Pressure Decay 
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ENGINE SVSTEM/COMPONC NTT JM/St? gfnTfttr | ^ri»»ntnt Ftii Svif -SMll^-Elt ynw. Llf>»f t 


Ouct»-T/C 




FAILURE MODE AND CAUSE 


fWEQUENCV 

or 

failure. 


urE 

{OESIGN^ACTUAUl 

% 


EFFECT OF FAILURE 


FAILURE TYFE 


FRtMARY 

OR 

secondary 

FAILURE 


REACT 

TIME 


DETECTION 

METHOD 

USED 


FAILURE 
FREOICTAilLITY 
AND METHOD 


FOTENTIAL 

MEASURANOS 


J»lnt L— kt* (C«ntlnu«rf) 

External L«x U«l(«9« caused 
by ^amafaH, ^fecttva ar 
cantamlnata4 SMt« an4/#r 
saaMnf surfacaa, taasa «r 
unrfartar^uarf ba1t«/EI ttlnfs,! 
or relaxatian af tar^ua 
^urinf enyina aMratlan, 
cracked tlna«/duct$* faulty 
braxe Jaints. 


25f 

.0\7X 


Alt af thasa falluras 
wara 4atacta4 4ur Inf pra/ 
pa«C taat chackaut aiM 
Inspactlan aracadurai an4 
carractive acttan takan 
ta raturn caMRananta ta 
accaptabla canUttian. Lax 
laakafa Inta tha anftna 
caaaartmant cantributas 
tha aasalbitity af sub- 
•tantlai anftaa tfatwta If 
rira it Rraaant, ar caul4 
ratuit In fraaxlnf af 
a^ljacant c am aa na ntt with 
raauttant fa I lira af 
thata c a w Ra n antt ta 
atparata at raaulratf. 


Structural 

Natarlal 

Taraua 

relaxatian 


Frliaary 


Ratantlal 

2» 3 


If/A 


Fra/aatt ta*t 

chackaut ana 
tnsRactian. 


VIARLE in flight MONITORING SYSTEMS 


•ETWEEN FLIGHT INSFECTION TECHNIQUES 


REMARKS/COMMENTS 


i 


A, 




4 


FAILURE MODE AND CAUSE 


J»int Leakage Continued 

External Lex leakage caused 
by damaged, defective or 
centamlnated seals and/or 
sealing surfaces, loese er 
undertergued b«l ts/f I ttings, 
or relaxation of targue 
during engine eperatlan, 
cracked llnes/ducts, faulty 
braze jelnts. 



EFFECTOR FAILURE 


FAILURE TYRE 


SECONDARY 

FAILURE 



All ef these failures Structural 

were detected during gre/ Material 
g«st test checkout and Torgue 
insgectign pracedures and reiaxatlan 
corrective act Ian taken 
ta return components to 
acceptable candition. Lox 
leakage tnta the engine 
compartment contributes ti 
the passIbMlty of sub- 
stantial engine damage If 
fire is present, or could 
result In freezing of 
adjacent components with 
resultant failure of 
these components to 
operate as regulred. 


potential 
2 . 3 


DETECTION 

METHOD 

USED 


Rre/post test 
checkout and 
Inspection. 


FAILURE 
FREDICTAilLITY 
AND METHOD 



VIAILE IN FLIGHT MONITORING SYSTEMS 


iETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 
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FAILURE MODE AND CAUSE 


•. Cracked Turbine Hades 

Due te excessive Lex lead 
frem G6 caused by delayed 
•pen inf of fuel p#ppet «r 
by preniature epenlnf #r 
leakafe »f L«x peppet, with 
censepuent excessively hlfh 
temperature and resultant 
•r«si#n. A Is* can be caused 
by Impact *f f*re(fn vbjects 
•n the blades, *r by rubbln§ 
•f blades. 



EFFECT OF FAILURE 


PRIMAHY 

FAILURE TYFE OR CRITICALITY 

SECONDARY 
FAILURE 



Three *f these failures 
resulted In premature 
test cut*ff by RCC device 
and by failure t* achieve 
b**tstrap. Other 21 
failures were detected 
durln§ pre/p*st test 
Inspect I *n and checkeut, 
and carrective actl*n 
taken. Enfine *peratf*n 
with the level *f eroslen 
n*ted In m*st *f these 
failures weuld prevent 
enfine fr*m attalninf 
flialnstafe *peratl*n *r. 

If prepafated durinf 
enfine *peratl*n, c*uld 
result in severe damafe 
t* pump and prebably t* 
enfine. 


pvertemp 

Er*si*n 

C*ntamlnatl*n 



3 , 5 

potential 

2 


DETECTION 

METHOD 

USED 


RCC cu.t*ff 
device. 

Observer cuteff. 


FAILURE 
FREDICTAilLITY 
AND METHOD 


VIAiLE IN FLIGHT MONITORING SYSTEMS 


■ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure Sensors 
Quartz, Digital 
Fiberoptic 
Laser, Digital 
S.A.W., Digital 
Pyrometer 
Vibration 
Hydrophone 

Fiberoptic bearing Detector 
Exp-electren Detector 


Ultrasenic Flaw 
Isetope Thermametry 
Isotepe Tracers 
Remnant Hagnetizatlen 


larescaping 
Cxo-electron Emission 
fesitren Annihilation 
Electric Current Injection 
Eddy Current 





















i 


FAILURE MODE AND CAUSE 


9. tearinf Oamafe 

Due te rubbing ef rollers 
and Inner/outer race with 
resultant scorin§ and 
eventual binding of bearings; 
contamlnatien In bearings er 
lack, er restrict ten «f lube 
te bearings could result In 
same failure ef bearings te 
funct Ion, 



EFFECT OF FAILURE 


Four of these failures 
resulted In premature 
test cuteff by ebserver 
and by failure te achieve 
malnstage. One of the 
feur was a launch engine 
cuteff Sec after 

liftoff. The other k 
failures were detected 
during pest-test analysis 
and checkout. Continued 
eperatien with damaged or 
failed bearings ceuld 
result in severe damage 
and possibly explesion ef 
pump, with resultant majer 
damage to engine. 


PRIMARY 

FAILURE TYPE 0" CRITICALITY 
SECONDARY 
FAILURE 



Interference 

(Centaminatien 



3, 5 

petential 
I. 2 


DETECTION 

METHOD 

USED 


H/S O.K.monltor 
Observer cutoff 


FAILURE 
PREDICTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANDS 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 


iETWEEN Flight inspection techniques 


REMARKS/COMMENTS 


Optical Tachometer 
Isotope Detector 
Fiberoptic Detector 
HTD Thermometer 
Accelerometer 
Hydrophone 

Ferromagnetic Torquemetcr 
Exo-electron Detector 
Tunable Diodelaser Spectrometer 


Ultrasonic Flaw 
Isotope Thermometry 
Isotope Tracers 
Particle Analysis 
lerescoplng 
Exo-electron Emission 
Positron Annihilation 
Eddy Current 
Torquing 



U) 
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ENGINE.SYSTEM/COMPONENT 


H l/Turb#^urop 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL 

X 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 
MEASU RANDS 

M. TuriMpump Seal Leakafe 

Internal feakafe past 
primary fuel seal 

2ff 


These failures were 
detected pre-test and 
cerrective actlen taken. 
This leakafe can ke 
dtscharfed freoi the lube 
•verbeard drain line and 
in the presence ef an 
ifnition source ceuld 
result in fire and/er 
explosion, or substantial 
enfine dama§e. 

Haterial 

Contamination 

Primary 

5 

potential 

K 2 

M/A 

P re- test 
checkout 



VIAiUE IN-FLIGHT MONITORING SYSTEMS 

lETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

F-n 

RTO Thermometer 

Opticil Tachometer 

Accelerometers 

Isotope Seal Detector 

Tunable Diode Laser Spectrometer 

Isetape Thermometry 
I St tape Tracers 
Particle Analysis 
lorescopinf 
Optical Proximity 
Tor^ulnf 
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c~ (, 


ENGINE.SYSTEM/COMPONENT H-1/Hain Oxidizer Valve 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

DESIGN/ACTUAL 

% 

' EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

— 

DETECTION 

METHOD 

USED 

FAILURE 

predictability 

AND METHOD 

POTENTIAL 
MEASU RANDS 

13. Valve Fails ta Perform 
b. Cantamlnat !an/Fr let Ian 

Fast, slew or erratic 
apentnf/clasinf tiine caused 
by fall inf af a actuatar 
hausinf bare and alstan, 
variatians in sprinf 
canstant and/ar seat 
friction, cracked ar damafed 
lia seal Inter fer inf with 
valve mavemen t , bea r \ nf 
Rial function, heater failure. 

I3f 


Na aremature cutoffs 
resulted fram these 
failures; hawever, ane 
test resulted In 
destruction af thrust 
chamber and injectar In a 
aast-cutaff Lax fire. 
Other failures were 
detected durinf checkout 
and aost-test invest! fa- 
tten of aerfarmance data 
and carrective act I an 
taken. The accurrence of 
this failure durinf enfini 
start cauld result in the 
Initlatlan af aerfarmance 
anamaiies with arabable 
test cutaff and aossible 
enfina damafe. Leakafe 

Structural 

Cantaminatlan 

Temaerature 

Interference 

Primary 

k, 5 

aatential 
2, 3 

N/A 

Past-test 
observatlan 
and checkaut. 



VIABLE IN-FLIGHT MONITORING SYSTEMS 

BETWEEN FLIGHT INSPECTION TECHNIQUES 

REMAR KS/COMMENTS 

Pressor Sensors 
Quartz, Dlfltal 
Fiberoptic 
Laser, Dlfltal 
S.A.W., Dlfltal 
Isotope Wear Spectrometer 
Tunable Diode Laser Spectrometer 

Ultrasonic Leak 
Acoustic Holography 
Isotope Tracers 
Pentoxide Polarometry 
Hygrometer 
Particle Analysis 
Laser Scattering 
Optical' Leak 
io rescoping 

Differential Radlometry 
Optical Holography 



I 


4 


i 



4 
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I 


4 


4 


4 























FAILURE SUMMARY SHEETS 
F-1 ENGINE DATA 



k 


4 


FAILURE MODE AND CAUSE 


2. Coolant Passage Leakage 

Internal fuel leakage caused 
by braze bond defects 
augtriented by thermal and 
vibration stresses. 



EFFECT OF FAILURE 


bmMARY 

FAILURE TYPE O'* CRITICALITY 

secondary 

FAILURE 



These failures were ail 
detected during Rre/R«st 
test procedures and 
corrective action taken. 
Engine operatien with 
significant intcrnai fuel 
I eakage, however , could 
result in reduction of 
return fuel flow te T/C 
injector ana impingement 
of fuel into combustion 
flow througn the T/C 
nozzle. If these c«n- 
ditions were severe 
enough, thrust output 
could be affected and 
premature engine cutoff 
tr iggered. 


Structura I 
V i bra t ion 
Temperature 


potent iai 

3 


DETECTION 

METHOD 

USED 


Pre/post test 
pracedures 


FAILURE 
PREDICTAilLlTY 
AND METHOD 


POTENTIAL 

MEASURANDS 



VlAiLE IN-FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure 

Quartz, Digital 
Fiberoptic 
l-*ser^ Digital 
S.A.W., Digital 

Ultrasonic Thermometer (Flame) 

Ultrasonic Flowmeter (Nozzle) 

Po Urometer 

Tunable Diode Laser Spectrometer (Mixture Ratio) 


Ultrasonic Leak 
Acoustic Holography 
X-ray Radiography 
Gamma Radiography 
Pentoxide Polarp.uetry 
Hydrogen Polarometry 
Hygrometer 
Optical Pyrometry 
Holographic Leak 
Minimeter-wave Interferometry 
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i 


i 


I 


ENGJNE-SYSTEM/COMPONENT F~l/Thrust Chamber, Seals, Adapters, Oiscannects & Fuel Ducts, Lines and FictInfS 
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ENGINE5YSTEM/C0MP0NENT .Frl/IhUJS.1 £haialCf« SeaU. Adapters, Disconnects t Fuel Ducts. Lines and Fittings 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

oesign/actual 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

failure 

criticality 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTASILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

Joint Leakafc Continued 

seal and flange^ and/or 
damage to rubber sealing 
surfaces. For adapters, 
leakage was due to weld 
failure, and the most 
prevalent cause was the use 
of soft copper gaskets which 
allowed torgue relaxation on 
fasteners fallowing hot fire 
and, if fasteners were not 
retorgued prior to subseguoit 
operation, leakage resulted. 

Welded in place adapters 
were adoped on later 
engines to eliminate the 
problem of soft copper 
gaskets. 



burning In thrust chamber 
and possible damage from 
excessive temperatures. 
Also, external fuel 
leakage from thrust 
chamber would have a 
comnon effect with leakage 
from any of the other 
components. In that 
leakage of fuel presents 
a fire hazard In the 
presence of an ignition 
source, with resultant 
fire which could cause 
damage to engine and/or 
other engine components, 
the severity dependent on 
the magnitude of the leak 
and the location in the 








VIAILE INF LIGHT MONITORING SYSTEMS 

•ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

t 




i 


4 


i 




i 


i 


ENGINE -SYSTEM/COMrONENT 


FAILURE MODE AND CAUSE 


FBEOUENCY LIFE 

^ OESIGN/ACTUAL 


Joint Leakage Continued 

For disconnects (engine half 
only), main causes of 
leakage were ^eforination of 
seat and/or popgec, and 
contaroinac ion between poppet 
and seat. For fuel ducts, 
lines, and fittings, the 
primary causes af leakage 
are undertorgued l~nuts, 
material defects resulting 
fram casting and processing 
deficiencies, cracks result' 
ing from fatigue failure. 


EFFECT OF FAILURE 


PRIMARY 

1 FAILURE TYPE CRITICALITY 

secondary 

I failure 


DETECTION 

METHOD 

USED 


FAILURE 

predictaijlity 

AND METHOD 


POTENTIAL 

MEASURANDS 


engine or in the vehicle 
compartment. One other 
effect, where leakage is 
from lines directing 
hydraulic (fuel) pressure 
for operation af com' 
ponents, would be the 
possibi 1 i ty af sufficient 
loss of pressure to result 
in failure af these 
companents ta operate, 
with cansequent premature 
cutoff of engine operation 
or damage to engine and/or 
components. 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


M 




ENGINE5YSTEM/COMPONENT F- 1 /Turbopump 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OEStGN/ACTUAL 

X 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAIILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

IK T/P Seal Leakage 

Caused by discrepant primary 
fuel seal internal O-rinj 
resulting in lack of proper 
0-rin§ squeeze and con- 
sequently law pressure 
seating capabi 1 ity. 

2f 


Failures detected during 
le^ak test and carrective 
act Ian taken. Engine 
aperation with this 
condition, however, cauld 
result in reduct ian af 
fuel flow fram pump with 
consequent Imbalance af 
propellant rat las and 
effect an engine aperatlar 
with passible damage ta 
engine. This fuel leakagi 
is directed ta fuel drain 
manifald and then ta aver- 
baard fuel drain. This 
presents a passible fire 
hazard with consequent 
passtbillty af damge ta 
engine and/or ether 
companents. 








VlAiLE IN FLIGHT MONITORING SYSTEMS 

■ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

RTO Thermometer 

Optical Tachometer 

Accelerometers 

Isotope Seal Detector 

Tunable Diode Laser Spectrometer 



Isotope Thermometry 
Isotope Tracers 
Farticle Analysis 
lorescoping 
Optical Rroxiaiity 
Torquing 
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ENGINE SYSTEM/COMPONENT F-I/Turhoyumy learlnj Cvolaru Valve/Main Oxidizer Valve 


FAILURE MODE AND CAUSE 


I3« Valve Fails to Perform 


b. Contaminatian/Frictlon 

Failure to epen at required 
applied cracking pressure 
caused by multiple striation; 
on Che poppet assembly and 
Che presence ef f ine-partici < 
contamination on peppet and 
guide. 


Hydraulic Pressurant (Fuel) 
Leakage frem Open Sequence 
Valve Area. 

Leakage ceuld be caused by 
damaged parcs/seal$« 





PRiMARY 


REACT 

DETECTION 

FAILURE 

EFFECT OF FAILURE 

FAILURE TYPE 

on 

SECONDARY 

FAILURE 

CRITICALITY 

TIME j 

METHOD 

USED 

predictaiility 

AND METHOD 


These failures were 
detected and cdrrecCive 
actlen taken prior Ce 
launch. Engine operatien 
with clesed valve, heweve 
wauld result in loss ef 
lube t* bearings with 
almost certain failure of 
bearings and seizure or 
excessive binding of pump 
Damage t« pump and mast 
likely ta ather engine 
areas wauld ensue. 

All of these Failures wer 
detected during prelaunch 
checkaut and/or leak test 
and carrective action 
taken. Sufficient leakag 


linding 

Contaminatian 



potential 

2,3 


VIAiLE IN FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


Ultrasonic Leak 
Acoustic Holography 
Isotope Tracers 
Pentoxlde Polarometry 
Hygrometer 
Particle Analysis 
Laser Scattering 
Optical Leak 
lorescoping 

Differential Radlometry 
Optical Holography 



























k 


4 


ENGINE-SYSTEM/COMfONENT F-l/TurWpuny ■earing CooUnt Valv/Hain OxUlzer Valv» 




















ENGINE. SYSTEM/COMPONENT 




FAILURE MODE AND CAUSE 

frequency 

OF 

failure. 

X 

LIFE 

design/actual. 

% 

EFFECTOF FAILURE 

FAILURE TYPE 

primary 

OR 

SECONDARY 

failure 

criticality 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

] k . Internal Valve Leakage 
b* Campression af Spring 

Internal axidtzer leakage 
past the pappet caused ky a 
loose poppet skirt seal 
assembly » and by a 
permanently di started com- 
pressor ring on the peppet 
skirt seal. 

On later engines, a poppet 
ratatian test was added to 
the valve drawing and a 
vented seal retainer was 
incarporated to control 
this problem. 

5f 


These incidences were 
detected pre/post test 
and carrective act i an 
taken. Leakage af 
oxidizer past the pappet/ 
seat, hawever, could 
result in an accumulatlen 
of axidizer in the thrust 
chamber with conseguant 
passibllity of detanatlen 
ar severe fire at time of 
ignition. 

Targuc 
relaxat ion 
Material 

Primary 

5 

potential 
2. 3 

N/A 

Pre/pasc test 
pracedures 



VIAILE IN FLIGHT MONITORING SYSTEMS 

•ETWEEN FLIGHT INS 

PECTION TECHNIQUES 

REMARKS/COMMENTS 

UUrtsonlc Thermometer 
Accelerometers 
Isotope Detector 
Hydrophone 

Tunable Diode Ltser Spectrometer 

Ultrasonic Leak 
Isotope Tracers 
Farticle Analysis 
Laser Scattering 
Optical Leak 
torescoplng 

Differential Radlometry 
Optical Holography 
Optical Proximity 
Halogen Leak 
Flow Leak 
Mass Spectrometry 
Thermal Leak 
Torquing 
Pressure Decay 
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FAILURE SUMMARY SHEETS 
RS-27 ENGINE DATA 


I 


4 



ENGINE SYSTEM/COMPONENT 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

: FAILURE, 

% 

1 life 

QESIGN/ACTUAL. 

% 

EFFECT OF FAILURE 


3. Joint Leakage 
a. Hot Gas 

Caused by dam^ged/defect ive 
seals, gaskets and/ar 
sealing surfaces, under- 
tdrdued ddits or torque 
relaxatidn on bolts« 


PJIIMAHY 

FAILURE TYPE O" CRITICALITY 

secondary 

FAILURE 


All of these failures Torque 

were detected during relaxation 

launch pre^aratien and/or Under tergue 

other engine checkout Hateriai 

procedures and corrective 

action taken. Hot -gas 

leakage during engine 

operation always presents 

the possibility of severe 

fire and/er explosion, or 

at best, damage to 

adjacent hardware. 


potential 
I, 2, 3 


DETECTION 

METHOD 

USED 


Engine checkaut 
procedures 


FAILURE 
PREDICTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANOS 


VIAILE IN FLIGHT MONITORING SYSTEMS 


•ETWEE N FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Ultrasonic Extensiometer 

Ultrasonic Leak 

Leak Tape/Coating 

Optical Leak 

Laser Interferemetry 

Differential Radlonetry 

Holographic Leak 

Resistivity Monitoring 

Halogen Leak 

Flow Leak 

Hass Spectrometry 

Thermal Leak 

Torguing 

Leak Fluid 

Pressure Decay 


Ln 
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RS-27 Thrust Chareher, Turhoyumy, Kain Fuel Valve, Fuel Start Tank. Fuel t/S Check Valve. ^ ^ 

ENGINE SYSre M/COMPONENT Pr#^enant System Lines, Flttinfs, Flanges ft Connect i#ns 


FAILURE MODE AND CAUSE 

FREOU6NCY 

OF 

FAILURE. 

% 

LIFE 

design/actual. 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PfllMAftY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

3. Joint Leakage 

b. Prapeiiant £ Lube 
External Fuel Leakage 

These failures were rfue t« 
various causes, dependent 
•n the continent anb 
lecation in Che engine. The 
jirimary causes can be 
greugeb as feitows: 

Thrust Chamber - Tap 0-rlng 
at T/C-ta-injcctor interface 
faund cut in twa places. 
Turbopump - Scratched flange 
on inlet elbow, parosity 
Chraugh parent metal at plug 
in fuel inlet elbaw. 

2lf. 


All af these failures wen 
detected during pre- 
launch and ather engine 
checkout procedures and 
corrective action taken. 
Engine aperatlan with 
external fuel leakage, 
however, presents a fire 
hazard in the presence af 
an ignition source, with 
resultant fire which 
could cause damage to the 
engine and/or ather engine 
components, the severity 
dependent an the magnitude 
of the leak and the 
location in the engine or 
in the vehicle compart- 
ment. 

Hateriai 
damage 
Material 
Contamination 
Torgue 
relaxation 
Under targua 

Primary 

5 

potential 
2, 3 

N/A 

Engine checkout 
procedures . 



VIAILE IN FLIGHT MONITORING SYSTEMS 

lETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 







f 


I 


ENGINE SYSTEM/COMPONENT 


RS-27/H«in Oxidizer VaWe» Start System fc lant FeeJ System - FtttinjS ft Connect Ians. 

























ENGINE SYSTEM/COMPONENT 


TurlMpuro^ 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

failure. 

% 

LIFE 

oesign/actual 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

secondary 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

— 

FAILURE 
PREDiCTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

It. Turbopump Seal Leaka§e 

Caused by law or relaxed 
seal bait tarques» damaged 
seals and/or macing ring 
surfaces, seal ring nat 
seated prater iy, foreign 
mater la I preventing carbon 
nase seating flush, cauld 
alse result from initial 
pressure surge and/or start 
transients displacing carben 
nose. 

12f 


Failures detected pre/pasi 
and car receive act Ian was 
taken . 

In add it Ian ta the seriau: 
engina/vehicle damage, 
which cduid accur due ta 
excessive leakage, 
adjacent hardware cauld 
a Isa be harmed. 

Torgue 
relaxatian 
Can taro i nat ion 
Ha cer 1 a 1 
damage 

Pr imary 

5 

potential 

2 

N/A 

Engine checkaut 

pracadures 



VIAILE IN-FLIGHT MONITORING SYSTEMS 

iETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

RTD Thermometer 

Optical Tachometer 

Accelerometers 

Isotope Seal Detector 

Tunable Diode Laser Spectrometer 

Isotope Thermometry 
Isotope Tracers 
Particle Analysis 
loresceping 
Opticbl ProximUy 
Tori|uing 
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cr 




ENGINE .SYSTEM/COMPONENT ^S-2? Main Oxj^izer Valve. Start System and frwMant Fee^ System - Fittiniis t Connections 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

failure. 

% 

LIFE 

OESIGN/ACTUAL, 

X 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

failure 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

14. Internal Valve Leakage 

a. Concaminat ian 

Interna! Oxiilizer Leakage 

Six of the failures were 
MOV or fuel li^ seal leakage 
due ta lacalized gate seal 
lip wear resulting fram 
rough finish conditian an 
gate seal and/or undersize 
ar eccentric lip seal l.D. 
The other failures accurred 
an drain guick discannect 
va Ives as a result of 
can tarn i nation trapped 
between poppet and seat. 

8f 


Ai 1 of these fai lures 
ware detected during 
engine checkout pracedurei 
and carrective actian 
taken. Internal oxidizer 
or fuel leakage during 
engine aperation cauld 
result in passible fire 
hazard and damage ta the 
engine and/ar at her eng ini 
components. Poss ible 
damage to adjacent hard- 
ware a Isa exists due ta 
the extremely low 
temperature af the leak- 
ing oxidizer. 

Targue 
reiaxatian 
Under targua 
Hatar ia I 
damage 

Primary 

5 

patential 
2. 3 

N/A 

Engina. checkaut 
pracedures 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 

■ETW/EEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Ultrasonic Thermometer 
Accelerometers 
Isotope Detector 
Hydrophone 

Tunable Diode Laser Spectrometer 

Ultrasonic Leak 
Isotope Tracers 
Particle Analysis 
Laser Scatterlnf 
Optical Leak 
lorescoping 

Differential Radiometry 
Optical Holography 
Optical Proximity 
Halogen Leak 
Flow Leak 
Mass Spectrometry 
Thermal Leak 
Torquing 
Pressure Decay 



> 





























ENGINE -SYSTEM/COMPONENT tS-27 IsnUtion Chef.k Vaivc^ 


FAlLUriE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OtSIGN/ACTUAU 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

secondary 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

14. internal Valve Leakage 

Ilf 


All of these failures wen 
detected during pre- 
launch countdawn/checkaut 
and/ar ather checkaut 
procedures, and corrective 
action taken. The effect; 
af this failure can be 
gu i te variable, dependen t 
an the magnitude af the 
leakage and the time af 
occurrence. 

Cantaminatian 
Oynami c 

Primary 

5 

potential 
1. 2, 3 

N/A 

Engine checkout 
p raced ures 



Trapped Pressure 

Reverse Leakage Thraugh 
Redundant Check Valves 

Due t* the effect af 
surface damage caused by, 
and the unseating tendency 
characteristics af, 
contaminants embedded in 
the Teflon 0-ring seals af 
both valves. Damage most 
likely from sel f^generated 
fr^etting wear due ta 
chattering or unstable 
operation during iaw'fiaw 
periads. In same instances 
it is believed that the 
failure was caused by tow 

VIAILE IN FLIGHT MONITORING SYSTEMS 

■ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 
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FAILURE MODE AND CAUSE 


15. HcfulatT Otscrepancies 


Ke9ulat*r-*out Pressure 
High/Erratic 

Caused by cert tarn inant 
(particles) traM«^ between 
the ball and retainer seat of 
the loader assembly (probably 
due te inadeguace cleaning 
and contaminat i«n contrel) 
and/er by slivers temperarily 
wedged between loader seat 
and here of housing retarding 
piston movement during 
dynamic operation. One 
instance was the result *f a 
combination of a discrepant 
(oversize) piston and under- 
torgued screw and probe of 
the regulator valve creating 
a leak path around the pack- ’ 
tng and thru the threads. 


LIFE 

OESIGN/ACTUAU 


EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE OH CRITICALITY 
SECONDARY 
FAILURE 



One of these failures 
reputted in premature 
test cutoff when regu later 
pressure spiked in excess 
of redline cuteff. The 
other four instances were 
detected during pre-test 
pneumatic control system 
checkouts and corrective 
action taken. It is 
unlikely that any 
conseguence would occur 
as the result of this 
type of failure of a more 
critical nature than 
engine cutoff. 


Contaminatl 
Oimens ional 



3. 5 

potential 

3 


DETECTION 

METHOD 

USED 


Chart observer 
cutoff 


FAILURE 
PREDiCTAilLITY 
AND METHOD 



VIAtLE IN FLIGHT MONITORING SYSTEMS 


■ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Tunable Diode Laser Spectrometer 
Isotope Wear Detector 


Ultrasonic Leak 
Particle Analysis 
Optical Leak 
Differential Radioroe try 
Halojen Leak 
Flow Leak 
Mass Spectrometry 
Themal Leak 
Pressure Decay 
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FAILURE SUMMARY SHEETS 
THOR ENGINE DATA 
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r> f 


ENG1NE5YSTEM/COMPONENT Thor/Thrust Chamber Ass^mtel^ 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL- 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAIILITY 
AND METHOD 

POTENTIAL 

MEASURANOS 

2. Coolant Passage Leakage 

Leakage caused by tube 
ruptures as result «f 
localized everheating, 
detonation and/ar 
insufficient braze penetra* 
tion at tube-te-end ring 
jaint, intergranular 
carrasian and embrittlement 
due ta the presence of high 
sulphur campaunds in cam- 
bi nation with high aperating 
temperatures with resultant 
tube cracks, splits and 
pinholes. 

76f 

7.9t 


Localized fire in ane 
c^se, an autside af thrisi 
chamber causing premature 
cutoff and leakages 
detected during pre/past 
test checkaut procedures. 
Engine aperatian with 
external fuel leakage 
presents a fire hazard 
and passible decrease In 
perfarmance. The 
magnitude af the leak wM 
determine the severity af 
the perfarmance lass and 
the damage ta engine 
hardware. 

Material 

Structural 

Stress 

corrasion 

High 

temperature 

Primary 

3 

potential 

2 

Inst. 

Observer cutoff, 
Pre/pbst test 
checkaut 
procedures 



VIAtLE IN-FLIGHT MONITORING SYSTEMS 

•ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Pressure 

Quirtz, Olfitil 
Fiberoptic 
Laser. Digital 
S.A.W.. Digital 

Ultrasonic Thermometer (Flame) 

Ultrasonic Flowmeter (Nozzle) 

Polarometer 

Tunable Diode Laser Spectrometer (Mixture Ratio) 

Ultrasonic Leak 
Acoustic Holography 
X>ray Radiography 
Camma Radiography 
Pentoxide Polarametry 
Hydrogen Polarometry 
Hygrometer 
Optical Pyroroetry 
Holographic Leak 
Millimeter-wave Interferometry 



r 


-4 


t 




engine system/component 


Failure mode and cause 


POTENTIAL 

MEASURANOS 


3 . Jo int Leakage 


Thru 3 1 Chaniker leakage due 
to damaged or discrepant 
gasket and/or port, 
insufficient kraze alloy 
penetration at exit ring*to- 
tube Joint resulting in 
Subsequent cracks mr tufce 
separations. 

Gas generator leakage is 
caused by damaged seals, 
gaskets ar flanges, torgue 
relaxatian of kolts. 


One af these failures (an 
the thrust chamaer) 
resulted in premature 
engine termination, while 
the balance was detected 
during pre/past test 
checkaut procedures. 

Hot gas leakage always 
presents the possikility 
af severe fire and/or 
explosian hazard and 
damage to adjacent 
hardware. 


Material 

Structural 

High 

temperature 



potential 

U 2 


Observer cutaff. 
Pre/past test 
checkaut and 
inspect ian. 



VIAiLE IN FLIGHT MONITORING SYSTEMS 


iETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 



Ultrasonic Extenslometer 

Ultrasonic Leak 

Leak Tape/Coating 

Optical Leak 

Laser Interferometry 

Differential Ra^iometry 

Holographic Leak 

Resistivity Honitoring 

Halogen Leak 

Flow Leak 

Hass Spectrometry 

Thermal Leak 

Torquing 

Leak Fluid 

Pressure Decay 
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r ‘ 3 


ENGINE .SYSTEM/COMPONENT 


FAILURE MODE AND CAUSE 


FREQUENCY 

OF 

failure. I 


life 

OESIGNMCTUAU 


3. Joint Leakage 

b. Propellant 6 Lube 
External OxUizer Leakage 

These failures were 4ue to 
various causes, dependent on 
the cempenent and location 
in the engine. The primary 
causes can be grouped as 
fel lows: 

Thrust Chamber - Inner dome 
and i n I et c) bow-to-dome bolts 
under torgued, discrepant 
washers preventing proper 
sealing at Lox deme inner 
bolts, inadeguate finish on 
sealing surface of inner deme 
bol ts. 


EFFECT OF FAILURE 


PRIMARY 

I FAILURE TYPE OR CRITICALITY 
SECONDARY 
FAILURE 


Five of these failures Lew tergue 

resulted in premature Material 

termination ef test by Centaminat ien 

Trent bunker ebserver when Fatigue 

significant Lex leakage Structural 

occurred. Two instances 

were in the Lex high 

pressure duct area, twe in 

the area ef the main Lex 

valve, and the other in 

the T/C Lex deme area. 

in addition, one test was 

delayed due to Lox leakage 

at the Lex start tank vent 

valve. A seventh instance 

did not result in a 

premature cutoff, but \k 

seconds after planned 

engine cutoff a Lex- rich 


potential 

2 


DETECTION 

METHOD 

USED 


Observer cutoff. 
Check out and 
inspection. 


FAILURE 
PREDlCTAtlLITY 
AND METHOD 


POTENTIAL 

MEASURANDS 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


ii 


i 




A 


ENGINE-SYSTEM/COMPONENT Thr/Var ious Enjine Subsystems, Lines, Fittings t Seals 
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ENGINE SYSTEM/COMPONENT Thor/Lox Start Tank tootstrap Area. Lines. Fittings & Check Valves 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

primary 

OR 

SECONDARY 

FAILURE 

criticality 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDiCTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANOS 

External Oxidizer Leakafe 
Cont inued 

Caused by cast inf flaw in 
surface of fitting, under- 
torgue relaxation during 
operation an f ittings/baltsy 
donuts, excessive applica- 
tion of Lox lube on 0-rings/ 
packing, faulty 0-ring or 
improper instal latian at 
flex hose-to-mani fald 
canneccian, scratched/ 
damaged seals and/or sealing 
surfaces, use af rubber 
0-ring and a standard boss 
at upstream end af check 
val ve.misal ignment af boss 
centerline. 

121f 

12.58^ 


These failures are 
peculiar ta tha design af 
the Lax baat strap system 
and may not be applicable 
ta the engine under 
evaluatlan, but are 
included due ta the un- 
precedented number of 
failures and the patential 
conseguences involved. 

All af these failures were 
detected during pre/post 
test and other checkout 
and inspect Ian procedures 
and carrective action 
taken. External leakage 
of axidizer during engine 
aperatlon, hawever, always 
presents the passibMIty 
of fire hazard and damage 

Material 
Targue 
reiaxat Ion 
D i mens I ana I 

Pr Imary 

5 

patential 
2. 3 

N/A 

Chackaut and 
inspect Ian 
pracedures 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 

■ETWEE N FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 






f 


ENGINE SYSTEM/COMPONENT 


Thor/Lcx Start Tank lo«tstrap Area, Lines, FittlOfS & Check Va I ves/Turbo^utnp Assy. 
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r - 10 


ENGINE SYSTEM/COMPONENT Thr/Various Enjine Subsystems, Lines, Fittinfs t Seals. 



















ENGINE SYSTEM/COMPONENT . ThT/Tiirbooum^ Assembly 


r 


. ' ( 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

primary 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAIILITY 
AND METHOD 

POTENTIAL 

MEASURANOS 

5. High T«rgue» T/P 

Caused by binding ef seal 
carben due te combustion 
products in area, rubbing of 
labyrinth seal, slight 
shifting ef 2nd stage nezzle 
during operation due te 
undertergue er torgue 
relaxation en nezzle retain- 
ing screws. 

Ilf 

1.143% 


Ail of these failures 
were detected during pre/ 
post test inspection and 
checkout procedures and 
corrective action taken. 
Engine operation at these 
conditions could result 
in propagation of the 
problem to a stags where 
reduced pump output could 
affect thrust output or 
other monitored parameter* 
with resultant premature 
termination of engine 
operation. 

finding 

Torguo 

relaxation 

Dynamic 

Primary 

5 

potential 

3 

N/A 

Pre/post test 
Inspection and 
checkout 
procedures. 



VIAILE IN FLIGHT MONITORING SYSTEMS 

iETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

RTD Themometer 
Optical Tachometer 
Accelerometer 
Isotope Wear Detector 
Hydrophone 

Ferromagnetic Torquemeter 
Tunable Diede Laser Spectrometer 

Isotepe Thermometry 
Isetepe Tracers 
Particle Analysis 
lorescoping 
Optical Proximity 
Terguin§ 
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/‘i. 


ENGINE SYSTEM/COMfONENT Thor/Enome Assembly 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

failure. 

% 

LIFE 

OESiGN/ACTUAU 

X 

EFFECT OF FAILURE 

FAILURE TYPE 

— 

PRIMARY 

on 

SECONDARY 

failure 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

— 

FAILURE 
PREOlCTAilLITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

9, tearing Oamafe 

Due t« bearing malfunccian 
resulting in excessive 
torgue ana canseguent 
reauctian in bump aucput. 



Two of thesa failures 
resulted in premature 
cutaff of test by the 
thrust ab server due ta 
decay in engine thrust 
level, with damage ta the 
gas generator and turbine 
In the athar instances, 
thrust decay was noted 
during test and post-test 
corrective actian taken 
ta remedy the discrepant 
canditians. Cantinued 
oparatlan with decaying 
thrust, however, cauld 
result in catastraphic 
damage ta engine and/ar 
vehicle. 

Interference 

Contamination 

Oimensianal 

Primary 

2, 3. 5 
potential 
1 

Inst. 

Thrust observer 
cutaff 



VIAtLE in flight MONITORING SYSTEMS 

•ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Optical Tachometer 
Isotope Detector 
Fiberoptic Detector 
RTO Thermometer 
Accelerometer 
Hydrophone 

Ferromagnetic Torquemeter 
Exo-electron Detector 
Tunable Diodelaser Spectrometer 

Ultrisonic Fliw 
Isotope Thermometry 
Isotope Trecers 
Particle Analysis 
lorescopinf 
Exo-electron Emission 
Positron Annihilation 
Eddy Current 
Torquing 



4 ^ 


I 


I 




r * 'V 


fREQUENCY 

FAILURE MODE AND CAUSE fa?lUR£ 


Prinvary oxt^i^er seal 
failure caused ky law or 
relaxed seal bolt torques, 
sea) shim crimped or ather* 
wise dama^ea^ damafed Lax 
seal and/or macing ring, 
macing surfaces of carban 
seal and seal ring nat 
seated j/foper ly, foreign 
material lodged between 
carbon flange and mating 
ring preventing carbon nose 
from seating flush with 
mating ring. Could also 
result from initial pressure 
surge and/or start 
transients in Lox pump 
displacing carbon nose af 



EFFECT OF FAILURE 


primary 

FAILURE TYPE 0« CRITICALITY 
SECONDARY 
FAILURE 



Four of these failures 
resulted in prematura 
test cutoff by chart 
ahserver when primary 
Lox seal temperature 
dropped belaw redline as 
evidenced by Lox seal 
cavity drain line temp- 
erature belaw acceptable 
I iini ts. One ather 
instance resuited in 
cancellation af test at 
the control center for 
the same reasans. None 
of these five failures 
resulted in any engine 
damage , hawever , one 
other instance of be law- 
normal Lox seal drain 
temperature did not 


Targue 

relaxatlan 

Cantaminatia 

Dynamic 



I, 3 

patent ial 
2 


DETECTION 

METHOD 

USED 


Inst. Chart abserver 
cutoff 


FAILURE 
PREDICTAllLiTY 
AND METHOD 


POTENTIAL 
ME ASU RANDS 



VIAtLE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


RTD Therniometer 

Optical Tachometer 

Accelerometers 

Isotope Seal Detector 

Tunable Diode Laser Spectrometer 


Isotope Thermometry 
Isotope Tracers 
Particle Analysis 
Borescoping 
Optical Proximity 
Torquing 











































• 

t 

*»* 




ENGINE SYSTEM/COMPONENT Tiirtr/Turbf 

iuumo . - . — 




fc. 

























ENGINE SYSTEM/COMPONENT Thor /Turbo pump 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

failure 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTARILITY 
AND METHOD 

POTENTIAL 

MEASURANDS 

Lube Pressure Anomalies 
Continued 

Decay or less of lube 
pressure caused by ebstruc-^ 
Cion in Che protective 
screen area er by shearing 
•f the lube pump drive shaft 

if 

.i2X 


Decay or lass ef lube 
flaw, if of sufficient 
duratian, will lead ta 
failure af gears, bearing 
and/ar uncaupNng af pump 
due ta turbine shaft 
failure, with subsequent 
catastraphic failure af 
the engine. Red line 
canditians cause prejnaajr< 
termination of engine 
operation an test stand 
with minimal damage. 

Contamination 

Structural 

Pr Imary 

3 

patential 

1 

Inst. 

Observer cutaff 



VIAiLE IN FLIGHT MONITORING SYSTEMS 

tETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 







ENGINE SYSTEM/COMPONENT 


FAILURE MODE AND CAUSE 


I Valve Leakaae 


Fuel leakage past G.G. 
blaie valve seal due te 
carh«n blaw-kack fram com- 
bustion chamber at termina- 
tion of previous test 
resuJtinf in contaminac ian 
•f seal/seal in^ surface, 
scratcheb/damased fuel blade 
and/or seal , low spots in 
seal resulting from surge 
pressure and dynamic loading 
of blade at engine cutoff, 
discrepant spring resulting 
in insufficient loading af 
blade against seal . 



EFFECTOR FAILURE 


primary 

FAILURE TYPE CRITICALITY 

SECONDARY 
FAILURE 



This failure is a special 
case, peculiar to the 
design of the G.G. blade 
valve, but is included 
due to the targe number 
of fai lures and the 
patent ial conseguences 
involved. All of these 
failures were detected 
during pre/post test or 
other checkout/inspection 
pracedures and corrective 
action taken. If 
significant leakage 
occurred in this area 
during engine start 
seguence, accumulatian of 
fuel in GG combustor 
could result In explosion 
and severe damage at the 


Dynamic 

Cantaminatloi 

Haterial 

Plastic 

Oefarmatian 



patent ial 
t, 2. 3 


DETECTION 

METHOD 

USED 


Checkaut and 
inspect! an 
pracedures 


FAILURE 
PREDICTAIILITY 
AND METHOD 


POTENTIAL 
MEASU RANDS 



VIAILE IN FLIGHT MONITORING SYSTEMS 


tETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Ultrasonic Thermometer 
Accelerometers 
Isotope Detector 
Hydrophone 

Tunable Diode Laser Spectrometer 


Ultrasonic Leak 
Isotope Tracers 
Particle Analysis 
Laser Scattering 
Optical Leak 
lorescoping 

Differential Radlometry 
Optical Holography 
Optical Proximity 
Halogen Leak 
Flow Leak 
Mass Spectrometry 
Thermal Leak 
Torquing 
Pressure Decay 



00 
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ENGINE SYSTEM/COMPONENT 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 


% 

Internal Valve Leakage 
Continued 

7f 

0.73Z 

c. Vibration 


Also caused by hang-up of 
Lax check valve due ta ! 

rubber 0-ring catching 
between poppet shoulder and 
Seat and tempararily holding 
poppet open, initiated by 
vibration from engine 
operation. 


A series-redundant check 
valve was added to the 
Lox check valve ta 
aUeviace this prablem 1 

effective Eng, ^822 & 

Subs. 



EFFECT OF FAILUHE 


Five mf these failures 
resulted in premature 
cuteff af test by chart 
observer. It is unlikely 
that any consequence 
would accur as the result 
of this type failure af 
a more critical nature 
than engine cutaff. 


ffllMAHY 

FAILURE TYPE CIUTICALITY 

SECONDAHY 
FAIUJHE 


Interference Pr imary 

Contaminatlan 

Vibration 


DETECTION 

METHOD 

USED 


Chart abserver 
cutoff 


FAILURE 
PREDiCTAilLITY 
AND METHOD 


POTENTIAL 
ME ASU RANDS 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


00 

Ln 
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ENGINE SYSTEM/COMPONENT Thnr/Fnf in^L Ass^kLy 


FAILURE MODE AND CAUSE 


FREQUENCY 

OF 

FAILURE, 

% 


LIFE 

iDESIGN/ACTUALj 

% 


EFFECT OF FAILURE 


FAILURE TYPE 


PRIMARY 

OR 

secondary 

failure 


REACT 

TIME 


DETECTION 

METHOD 

USED 


FAILURE 
PREDICTAllLITY 
AND METHOD 


POTENTIAL 
MEASU RANDS 


internal Valve Leakage 
Continued 

d. Trapped Pressure 

Fuel centaminacion ef 
pneumatic system and Lex 
start tank caused by fuel 
flow past redundant fuel 
start tank pressure check 
valves. This reverse flow 
was due to tew pressure 
being trapped in check valve 
spring cavity, helding the 
check valve peppet In the 
epen pesitien. Fuel then 
had a reverse flow path to 
contaminate the pneumatic 
system and the Lox start 
tank threugh the regulator. 


i»f 

O.kMX 


This centaminat ien Is a 
systems preblem with 
various pesstble effects. 
Two of these failures 
resulted in premature 
test terminatien, ene by 
the engine regulater 
pressure chart observer 
when regulater out 
pressure exceeded red line 
the other when an 
explosion occurred In the 
area ef the Lex start 
tank. The ether twe 
instances resulted in 
significant increase In 
the pneumatic system 
pressure during test, 
following which cerrectivel 


Centaminat len 
Overpressure 


Primary 


2 . 3 . 5 

petentiai 

I 


Observer cuteff 


VIAiLE IN FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 




















ENGINE SYSTEM/COMrONENT Thor/Pneumat i c C«ntr>l Assy. 


r ^ -r 


FAILUnE MODE AND CAUSE 

FREQUENCY 

OF 

failure. 

% 

LIFE 

DESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

failure 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 
ME ASU RANDS 

15. Pequlat*r Discrepancies 

Failure of oxidizer start 
tank pressurizing valve to 
close caused by foreign 
particles in centrel port 
area between valve and 
orifice, plugging or restrici 
ting control pert orifice 
and preventing valve frem 
fully reclosing following 
Lox start tank venting. 

Could also be caused by 
O-ring deformation in 
va 1 ve . 

33f 


All ef these failures 
were detected during pre- 
launch checkout and/«r 
other inspectien and 
checkout procedures and 
corrective action taken. 
Effect ef this failure Is 
to allow bleed down mf 
vehicle/missile bottle 
pressure past the valve 
which has net reclesed 
following venting of the 
oxidizer start tank. If 
this eccurred t* any sub- 
stantial degree following 
engine bootstrap eperatien 
insufficient bottle 
pressure ceuld result in 
failure te prpperly 

Cantaminatien 

Plastic 

de format! an 

Pr imary 

5 

potential 

3 

N/A 

Checkaut and 
inspect! an 
procedures. 



VIAILE IN FLIGHT MONITORING SYSTEMS 

•ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Tunable Diode Laser Spectrometer 
Isotope Wear Detector 

Vltrasonlc Leak 
Particle Analysis 
Optical Leak 
Differential Radiometry 
Halogen Leak 
Flow Leak 
Hass Spectrometry 
Thermal Leak 
Pressure Decay 
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FAILURE SUMMARY SHEETS 
ATLAS ENGINE DATA 





i 



ENGINE SYSTEM/COMPONENT Atlas MA~3 & HA 5/Thrust Chamber 


FAILURE MODE AND CAUSE 


2. Coolant Passayfc Leakage 
Fuel leakage caused by tube 
ruptures (brobably the 
result of localized explo- 
sions within the cubes), 
insufficient peneCratian of 
braze alloy at tube-ta-rinj 
Joints and between cubes, 
interfranular cerrosian and 
embrittlement due ta 
presence of high sulphur 
campounds (presumably from 
Che fuel) in combination 
with high aperatlng temp- 
eratures with resultant 
tube cracks, splits and 
pinholes. 


LIFE fRIMARV REACT DETECTION 

OESIGN/ACTUAL EFFECT OF FAILURE FAILURE TYPE OR CRITICALITY ^ METHOD 

^ SECONDARY TIME ^jecn 

FAILURE 


FAILURE 
PREOICTAilUTY 
AND METHOD 


POTENTIAL 
ME ASU rands 


All of these failures Material 
were detected during prc/ Intergranular 
post test checkauc and carros ion 
inspection procedures and High Temp, 
corrective act i an taken. 

Engine operation with fuel 
leakage presents a fire 
hazard in the presence af 
an ignition source, with 
resultant fire which 
could cause damage ta 
engine and/or other 
engine components. Sub- 
stantial reduct ien in 
fuel flow back to T/C 
injectar could cause M/R 
; imbalance with possibility 
of premature cutaff. 



patential 
2. 3 


Pre/post test 
procedures 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 


SETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure 

Quartz, Dljital 
Fiberoptic 
User. Digital 
5.A.W., Digital 

Ultrasonic Thermometer (Flame) 

Ultrasonic Flowmeter (Nozzle) 

Polarometer 

Tunable Diode Laser Spectrometer (Mixture Ratio) 


Ultrasonic Leak 
Acoustic Holography 
X-ray Radiography 
Gamma Radiography 
Pcnttxide Polarpmetry 
Hydrogen Polaroroctry 
Hygrometer 
Optical Pyrometry 
Holographic Leak 
Millimeter-wave Interferometry 
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ENGINE SYSTEM/COMPONENT Atlas J1A^3 ® MA~5/Thrust Chamber, Gas Generater, Exhaust Systems 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

OESIGN/ACTUAL. 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAilLITY 
AND METHOD 

POTENTIAL 
ME ASU RANDS 

3. Joint Leakaie 
a. Het Gas 

Due te under^ter^ueb belts 
er torque relaxation en 
belts, damafed/rfefectlve 
seals, gaskets, anb/er 
seal ing surfaces. 

73f 


Failures were betecteb 
during Rre/pest test 
precebures anb checkouts 
anb corrective action 
taken. Hot gas leakage 
during engine operation 
always presents the 
possibility of severe 
fire and/or explosion or 
at best damage to adjacent 
hardware. 

Torque 

relaxation 

Material 

damage 

Vibration 

Material 

Primary 

3, 5 

potential 

2 

Inst. 

Observer cutoff 



VIAiLE IN-FLIGHT MONITORING SYSTEMS 

tETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 


Ultrasonic Extensiometer 
Ultrasonic Leak 
Leak Tape/Coatln^ 

Optical Leak 

Laser Interferometry 

Differential Kadi omet ry 

Holographic Leak 

Kesistlvlty Monitoring 

Halagen Leak 

Flow Leak 

Mass Spectrometry 

Thermal Leak 

Torquing 

Leak Fluid 

Pressure Decay 



t 
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FAILURE MODE AND CAUSE 


Jaint Leakafe Cantinued 

b. Frapeilant 6 Lube, 
Hydraul ics 

Fuel leakage causing cutoff 
failures were the result af 
laase line fittinfs, mast 
likely due ta undertar^ue ar 
tarque relaxation. Other 
failures due ta scratched, 
damafed and/ar defective 
seals, faskets, packings 
and/or sealing surfaces, 
paras ity leaks thraugh parent 
metal in flanges, targue 
relaxatian ar under torgue on 
nuts, baits and/or fittings. 



EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE OR CRITICALITY 
SECONDARY 
FAILURE 


20 af these failures 
resulted in premature 
engine cutaff by abserver 
due ta fuel leaks at pro*' 
pellant line fittings. 

The ather failures were 
detected during pre/post 
test checkaut and pra** 
cedures, and carrective 
action taken. Engine 
aperation with external 
fuel leakage presents a 
fire hazard in the 
presence af an ignition 
saurce, with resultant 
fire which could causa 
damage to engine and/ar 
ather engine campanents, 
the severity dependent on 
the magnitude af the leak 


Undertargue 
Torgue 
relaxatian 
Material 
damage 
Hater iai 


VIARLE IN FLIGHT MONITORING SYSTEMS 




t 


( 









































ENGINE SYSTEM/COMPONENT Atlas tlA*3 t MA-5/ Turbsyuro^, Lube Oil Puny, Lin es » Ftttinss 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

failure. 

% 

life 

OESIGN/ACTUAU 

X 

EFFECTOR FAILURE 

FAILURE TYPE 

primary 

OR 

secondary 

failure 

criticality 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTAIILITY 
AND METHOD 

POTENTIAL 
ME ASU RANDS 

Joint teakase C«ntinue4 

k, PrapeMant t Lube 
Hydraul ics 

Lube leakases caused by lew 
torque er terque relaxation 
•n lube line fittinjs and/er 
screws and bolts» damafed/ 
defective seals and/er 
sealing surfaces in lube oil 
pump er turbopump, damaged/ 
defective fasket at therine- 
couple installat iens» 

4lf 


All of these failures 
were detected during pre/ 
pest test checkeut and/er 
inspection procedures and 
corrective action taken. 
The greatest danger in 
engine operation with 
leakage of lube oil is 
the possibility of 
sufficient loss of lube 
oil to affect proper 
lubrication of gears and 
bearings in the turbopump. 
Should this happen, 
effects could be 
catastrophic. 

Torgue 

relaxation 

Undertorgue 

Material 

damage 

Primary 

5 

potential 
I. 2, 3 

N/A 

Pre/post test 
procedures 



VIAtLE IN FLIGHT MONITORING SYSTEMS 

lETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 







G 


ENGINE SYSTEM/COMPONENT Atlas rtA-3 t HA-5/ Several Engine Subsystons 
























ENGINE SYSTEM/COMPONENT Atlas M-l s, MA>S/Turho>unif 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

life 

OESIGN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

primary 

OR 

SECONDARY 

failure 

CRHICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDlCTAilLITY 
AND METHOD 

potential 

MEASURANDS 

5. Hlfh Tongue 

Caused by seal rubbfn§ shaft 
of the balance assembly 4ue 
te shift «f seal an4 nazzle 
with res|iect t« shaft anb 
manifelb, turbine nozzle 
loese (bue te terque relaxa- 
tion on retaining screws) 
anb binbinf en turbine wheel 
seconb stage nezzle 
labyrinth seal rubbing the 
seal lanb of the seconb 
stage wheel. Coulb alse be 
causeb by binblng ef seal 
carben bue te combust len 
prebucts in area. 

lOf 


Ail of those failures 
were betecteb pre/post 
test anb corrective 
action taken. Engine 
operation at these con- 
bi cions coulb result in 
propagation of the 
problem to a point where 
rebuceb pump output coulb 
affect engine thrust 
level anb/or other 
inonitoreb parameters with 
resultant premature 
termination of test. 

Interference 

Torguo 

relaxation 

Contamination 

Primary 

5 

potential 

3 

N/A 

Pre/post tost 
proceburos. 



ViAtLE IN-FLIGHT MONITORING SYSTEMS 

■ETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

RTD Thermometer 
Optical Tachometer 
Accelerometer 
Isotope Wear Detector 
Hydrophone 

Ferromagnetic Torquemeter 
Tunable Diode Laser Spectrometer 

Isotope Thenoometry 
Isetope Tracers 
Particle Analysis 
lorescopinf 
Optical Prtximity 
Torquing 





€ 


FAILURE MODE AND CAUSE 


7. Crack-Conv*lut ions 


External oxidizer leakage 
was due CO crack in che 
oxidizer hijh pressure 
bellows. The failures were 
due CO fatigue and work 
hardening induced by flow 
vibration. 



EFFECT OF FAILURE 


primary 

FAILURE TYRE OR CRITICALITY 

SECONDARY 

failure 


FAILURE 
RREDICTARILITY 
AND METHOD 


POTENTIAL 

MEASURANDS 


External exidizer leak* 
age during engine 
opera ci an cauld result 
in possible fire hazard 
with damage c* the 
engine and passibility 
af freezing contra I and 
sensing lines with 
resulting premature 
terminatian af engine 
aperation. Depending an 
the magnitude af Che 
leak* engine mixture 
ratio shift might result 
leading to engine per* 
formance degradation. 


Fatigue 

Vibratian 

Material 

degradatian 



potential 

1 



VIAiLE IN FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Pressure Sensor 
Quartz. Digital 
Fiberoptic 
Laser. Digital 
S.A.W.. Digital 
PTD Thermometer 
Accelerometer 
Hydrophone 


Ultrasonic Flaw 
Isotope Thermometry 
Remnant Magnetization 
lorescoping 
Penetrants 
Optical Holography 
Exo*electron Emission 
Positron Annihilation 
Electric Current Injection 
Eddy Current 



kO 
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ENGINE SYSTEM/COMPONENT Atlas MA>3 & MA“5/Severa I Engine Subsystems 

I — -■■■ I , — 1 


FAILURE MODE AND CAUSE fa?lU«E 

% 


uutNtT life primary 

, desiGN/acTUAu EFFECT of FAILURE FAILURE TYPE On 
ULURE. secondary 

^ FAILURE 


REACT DETECTION FAILURE 

CRITICALITY METHOD PREDICTAilLITY 

USED AND METHOD 


POTENTIAL 
MEASU RANDS 


M. Turbopump Seal Leakage! 


Oxidizer Leakage 

Seal drain leakage is from 
the r/P primary Lox seal , 
and Is the result «f low 
or relaxed seal d»lt torRuet 
foreign material ledged 
between carbon flange and 
mating ring, mating surfaces 
of carbon seal and seal rinc 
not seated properly. Other 
failures due to scratched/ 
damaged/defect i ve seals, 
packing and/or sealing 
Surfaces. 


carrasian 

Fatigue 


30 af these failures Targue 

resulted in premature relaxatlan 

engine cutaff by abservar Undertorgue 
due to oxidizer leakage. Stress 
The acher failures (37 af carrasian 
which were T/P Lox seal Fatigue 
drain cavity leakage) wera Cantaminacian 
detected during pre/post Material 
test checkaut and pro- damage 

cedures, and corrective 
action taken. Oxidizer 
leakage within the turbo- 
pump cauld result in 
possible mixing with lube 
and could farm an 
explosive gel. Damage 
could occur ta engine and/ 
or engine compenents as a 
result of detonatian. 

Possibl e T/P perfarmance ' 

{ degradation. 


3. 5 

patent (a I 
2 


Observer cutaff 


VIAILE IN-FLIGHT MONITORING SYSTEMS 


RETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


RTO Thermometer 

Optical Tachometer 

Accelerometers 

Isotope Seal Detector 

Tunable Diode Laser Spectrometer 


Isotope Thermometry 
Isotope Tracers 
Particle Analysis 
lorescoping 
Optical Proximity 
Torqulng 




202 




ENGINE SYSTEM/COMPONENT Atlas MA-3 t HA-5/Turh»yu<n^ 


FAILURE MODE AND CAUSE 


FREQUENCY 

OF 

FAILURE. 


life 

[OESIGN/ACTUAI 4 

% 


EFFECT OF FAILURE 


FAILURE TYPE 


primary 

OR 

SECONDARY 

failure 


REACT 

TIME 


DETECTION 

METHOD 

USED 


FAILURE 
PREDICTABILITY 
AND METHOD 


POTENTIAL 

MEASURANDS 


12. LuPe Pressure Anamalies 


21 f 


Lube pressure variation 
caused by con tarn inat Ian in 
lube jet arifices and/or 
pressure reducer fitting, 
erratic autput of lube oil 
pump due ta ruptured rubber 
seal. 


3 of these failures 
resulted in premature 
test cutaff by observar 
when lube manifald and/ar! 
bearing Jet pressure 
d rapped be law redline. 

The ather failures were 
detected during/ past test 
and carrective actian 
taken priar ta subsequent 
testing. Operation at 
low lube pressure ceuld 
prapagate inta turbapump 
failure due ta inadequate 
lubricatian af gears/ 
bearings with cansequent 
failure and extensive 
damage ta engine and/ar 
components. 


Cantaminatianj 
Material 


Primary 


patent la I 

1 . 2 


Observer cutaff. 


VIABLE IN-FLIGHT MONITORING SYSTEMS 


BETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


4 


i 
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ENGINE SYSTEM/COMPONENT 


Atlis MA-3 i MA-ii/0»ilizcr tootstro Check tfalvg 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

DESIGN/ACTUAU 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

PRIblARY 

OR 

secondary 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREOICTAIILITY 
AND METHOD 

POTENTIAL 
ME ASU RANDS 

13 . Valve Fails to Perform 
a. Heisture, Ice 

Fails to fully open iue to 
interference between §ace 
anb seat result ins frmm 
adverse cenbi cions (me i store, 
ice), ane causins sate Assy 
to hangup in a partially 
open position. Failure af 
valve to open fully a Isa 
attributed ta stiff sprinf. 

2f 


One af these failures 
resulted in premature test 
terminatian by the main- 
scaga limiter during stari 
transient. Other failure 
resulted in abnarmally 
slow buildup af thrust 
but not sufficient ta 
activate cutoff, it is 
nat likely chat the effect 
af this failure would be 
of a n»re critical nature 
than premature engine 
cucaff as nated. 

Interference 

Material 

Primary 

3 

1mm. 

Ma instage 
limiter cutaff 
davica. 



VIAILE IN FLIGHT MONITORING SYSTEMS 

tETWEEN FLIGHT INSPECTION TECHNIQUES 

REMARKS/COMMENTS 

Pressor Sensors 
Quartz. Digital 
Fiberoptic 
Laser, Digital 
S.A.W., Digital 
Isotope Wear Spectrometer 
Tunable Diode Laser Spectrometer 

Ultrasonic Leak 
Acoustic Holography 
Isotope Tracers 
Pentoxide Polarometry 
Hygrometer 
Particle Analysis 
Laser Scattering 
Optical Leak 
lorescoping 

Differential Radlometry 
Optical Holography 
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ENGINE SYSTEM/COMPONENT Atlas MA-3 6 HA-S/Head SuMfcssion (H.S.) Valv« 


FAILURE MODE AND CAUSE 


lA. Internal Valve Leakaae 


a. Contami nation 

Kesults In stlckinf «r bln4~ 
ing of shaft and/«r gate, *r 
hanf'u^ af ether maving 
parts in actuator assejnkly. 



EFFECTOR FAILURE 


primary 

FAILURE TYPE OR CRITICALITY 
secondary 
failure 


Ail «f these failures llnding 

were detected during pre/ Centaminatlen 
pest test inspect len pre- 
cedures and corrective 
action taken. Fast open- 
ing and/er cleslng er 
failure te open er close 
at required time in the 
engine sequence could 
result In erroneous 
oxidizer/fuel mixture 
rad* which could result 
in premature engine cut- 
off, or possibility of 
engine and/or cooponent 
damage dependent on timing 
and severity of failure. 



5 

potential 
2. 3 


DETECTION 

METHOD 

USED 


Pre/post test 
procedures. 


FAILURE 
PREDlCTAilLITY 
AND METHOD 


POTENTIAL 

MEASURANDS 



VlAiLE IN FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


UUrasonic Thermometer 
Accelerometers 
Isotope Detector 
Hydrophone 

Tunable Diode Laser Spectrometer 


Ultrasonic Leak 
Isotope Tracers 
Particle Analysis 
Laser Scatterinf 
Optical Leak 
lorescoping 

Differential Kadlometry 
Optical Holography 
Optical Proximity 
Halogen Leak 
FIom Leak 
Mass Spectrometry 
Thermal Leak 
Torquing 
Pressure Decay 
























ENGINE SYSTEM/COM^ONENT 


Atlas HA“3 6 /-lA-S/Gas Generator 


FAILURE MODE AND CAUSE 

FREQUENCY 

OF 

FAILURE. 

% 

LIFE 

DE5ICN/ACTUAL 

% 

EFFECT OF FAILURE 

FAILURE TYPE 

primary 

OR 

SECONDARY 

failure 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDtCTAilLlTY 
AND METHOD 

l<i. Internal Valve Leakage 
Continued 

a. Contamination 

Oxidizer gate valve leakage 
cutoff Mas caused by pieces 
of Lox pad (shattered ky 
detanation in GG) ladged in 
injector and restricted Lox 
flow with resultant failure 
to bootstrap. Detonation is 
primarily caused by leakage ' 
of Lox past the ^ate with 
resultant cambustton and 
explosion when SPGG's are 
initiated. Leakage is due tc 
failure of blade to make 
positive seal due to 
Scratched or oairaged seal 
and/or seat, or to misfit 

5f 


One of these failures 
resulted in premature 
termination of test by 
the mainstage limiter 
when the engine failed ta 
attain normal boatstrap. 
The ocher k failures were 
detected during post-* 
test inspection of 
ascii lograph and ather 
test records, and correc- 
tive action taken. 3 of 
these 4 failures indi- 
cated pressure spikes and 
detonation in G.G. during 
transition. Leakage past 
the axidizer gate seal 
presents a high 
probability af explosion 
in GG during transition, 

Interference 

Material 

damage 

Primary 

3. 5 

potential 

2 

Imm 

Mainstage 
limiter cutaff 
dev i ce 



VlAiLE IN-FLIGHT MONITORING SYSTEMS 


lETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


POTENTIAL 

MEASURANOS 
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ENGINE SYSTEM/COMrONENT 


FAILURE MODE AND CAUSE 


EFFECT OF FAILURE 


primary 

FAILURE TYPE OR CRITICALITY 
SECONDARY 
FAILURE 


DETECTION 

METHOD 

USED 


FAILURE 
PREDiCTAilLITY 
AND METHOD 


POTENTIAL 
MEASU RANDS 


I Internal Valve Leakage 
Coot inued 

Lox poppet leakage past seat, 
binding of poppet in bore of 
housing due to galling of 
poppet and/or contamination 
of poppet stem or to 
misalignment also caused by 
scratched/damaged poppet 
and/or seat. 


All mf these fai lures 


Interference 


were detected during post' Galling 

test inspection and Material 

investigation of asci I lo' damage 

graph and other test 

recards, and corrective 

actian taken prior ta any 

subsequent testing. One 

of the failures indicated 

a fire and explosion in 

cne G.G. control valve/ 

injector area but with 

minimal damage ta G.G, 

axidizer leakage past the 

Lox poppet presents the 

possibility of explosion 

and damage to G.G. during 

transitian. 


5 N/A 

patent ial 

2. 3 


Fes t -test 
procedures. 


VIARLE IN FLIGHT MONITORING SYSTEMS 


iETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 

























i 


<c ^9 


ENGINE SYSTEM/COMPONENT Atlas HA-3 & HA-5/Ux Regulator 


FAILURE MODE AND CAUSE 


LIFE 

OESIGN/ACTUAU 


EFFECT OF FAILURE 


primary 

FAILURE TYPE OR CRITICALITY 

SECONDARY 

failure 


DETECTION 

METHOD 

USED 


FAILURE 
PREDICTAIILITY 
AND METHOD 


POTENTIAL 
MEASU RANDS 


15. Regulator Discrepancies 

Fails CO Provide Proper 
Re^ulatien «f Oxidizer flow. 

Caused by misalignment ef 
sleeve, moisture/contamina- 
tlen in refulater, lack of 
•r ina^epuate lukricatiorit 
nicked/damaged spo«), pistan 
and/ar bore. Could a Isa 
be caused by excessive 
diametral clearance result-^ 
ing in side loads and high 
friction causing ascillatian! 
Far MA-5 only - could also 
be caused by external 
leakage of helium contral 
! pressure. 


7 of these fai lures 
resulted in premature test 
; cutoff, 4 by fuel man i fa I a 
j pressure switch and/or 
I mainstage limiter when 
baotstrap was not 
attained, 2 by overspeed 
: trip device when Lox 
regulatlan went aut af 
control and I by abserver 
due to pressure oscilla- 
tions from malfunctioning 
regulatar. The other 37 
failures were detected 
during pre/past test 
procedures and inspectian; 
and carrective action 
taken. 2 af these 37 
failures gave pest-test 


Contaminatlan 

Material 

damage 

Olmensianal 


3» 5 

potential 

2 


Fuel man { fa Id 
pressure switch, 
Mainstage 
I Imiter cutoff 
device 

Overspeed trip | 
device | 

Observer cuteff ! 


VIAILE IN FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Tunable Diode Laser Spectrometer 
Isotope Wear Detector 


Ultrasonic Leak 
Particle Analysis 
Optical Leak 
Differential Radlometry 
Halogen Leak 
Flow Leak 
Mass Spectrometry 
Thermal Leak 
Pressure Decay 
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I 


V 


ENGINE SYSTEM/COMPONENT Atlas HA-3 & MA-5/Mlxture Wati» Contr»l Assemtely 


FAILURE MODE AND CAUSE 


EFFECT OF FAILURE 


PRIMARY 

FAILURE TYPE OR CRITICALITY 
SECONDARY 
FAILURE 


DETECTION 

METHOD 

USED 


FAILURE 
PREDICTAilLlTY 
AND METHOD 


POTENTIAL 

MEASURANDS 


\k. C*ntami nat ion , Hydraulic 
Control Assembly 


Excessive deadband is caused 
by contamination in MKC body 
producing a high frictien 
between the pisten and bore 
and resulting in excessive 
hysteresis, misalignment 
and/or improper torque an 
body bolts, side laadtng of 
piston due to misalignment 
of piston and diaphragm 
assembl ies. 


All «f these failures 


were detected during pre/ | Torque 


CantamlnaC ian Primary 


post test praceduras 
and/ar inspect ian, and 
carrective action taken. 
Engine aperatian at this I 
condition cauld result ini 
delayed response af the 
servo-piston to changes I 
in Delta pressure, which I 
could cause carrespanding | 
delay in H.S. valve move- 
ment to correct the 
ex i stent d i screpancy . 
Dependent on the time of 
occurrence during engine , 
operatian and the 
magnitude of the failure, | 
initiation af premature 
engine cutaff could result! 


Interference 


patent lal 
3 


Pre/past test 
pracedures. 


VlAiLE IN-FLIGHT MONITORING SYSTEMS 


•ETWEEN FLIGHT INSPECTION TECHNIQUES 


REMARKS/COMMENTS 


Ultrasonic leak 
Particle Analysis 
Optical Leak 
Differential Kadlometry 
Flow Leak 
Pressure Decay 
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ENGINE SYSTEM/COMPONENT 


Atlas HA-3 & MA-5/HIxture Rati* Cantral Assemkiy 


G V- Z. 


FAILURE MODE AND CAUSE 

FREOUENCY 

OF 

FAILURE. 

% 

LIFE 

DESIGN/ACTUAU 

% 

EFFECTOR FAILURE 

FAILURE TYPE 

PRIMARY 

OR 

SECONDARY 

FAILURE 

CRITICALITY 

REACT 

TIME 

DETECTION 

METHOD 

USED 

FAILURE 
PREDICTABILITY 
AND METHOD 

POTENTIAL 

MEASURANOS 

Cantami nation, Hydraulic 
Contral Assembly Cantinued 

Null shift is caused by 
chanse in setting as the 
result *f vibration and/er 
sheck during engine opera- 
tien, incerrect null setting 
at assembly. Cauld alse be 
du6 ta unequal spring cam- 
press ion ratias, damaged/ 
defective diaphragms. 

7f 


All af these failures 
were detected during pre/ 
past test pracedures 
and/ar inspectians, and 
corrective actian taken. 
Engine aperatian at this 
conditian cauld result In 
unplanned movement af the 
H.S. valve gate ar 
failure af the H.S. valve 
to respand accurately ta 
differential input 
pressures. This bias 
cauld result in laprapar 
prapellant utilizatlan ar, 
dependent an time ef 
accurrence and severity 
af the mal functlan, cauld 
result in axid izer-r ich 

Cantaninat ian 

Targue 

Interference 

Primary 

5 

patential 

3 

N/A 

Pra/post test 
pracedures . 



VIAtLE iN>FLIGHT MONITORING SYSTEMS 

between flight inspection TECHNIQUES 

REMARKS/COMMENTS 





4 


A 


f 
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CT ' if 


ENGINE SYSTEM/COMfONENT Atlas MA-3 * MA-S/Hy^raul Ic Cutfl Valve (MOV C »ntr#l Packaf*) 























APPENDIX C. FAILURE PROPAGATION 


BLOCK DIAGRAMS 



APPENDIX C 


FAILURE PROPAGATION BLOCK DIAGRAMS 

The Failure Propagation Block Diagrams were devised to obtain a better understand- 
ing of the failure mechanism of each of the sixteen failure modes encountered in 
the study. 

Each diagram attempts to illustrate the events which lead to the failure as 
described in the Failure Summary sheets (see Appendix B) . It has been found that 
by indicating symptoms and events preceding the outright failure, the determination 
of appropriate monitoring devices is made easier. There is a Failure Propagation 
Block diagram for each of the sixteen failure modes, regardless of engine system. 

The events are shown as rectangles and the time sequence from left to right. 


FAILUnC MOO€ VA 



Main Oxidizer Valve 
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FAILURE MODE I t 
• BOLT TORQUE RELAXATION 



Main Oxidizer Valve 


FAILURE MOPE 2 
• COOLANT PASSAGE LEAKAGE 



Nozzle- Corabus tor 
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FAILURE MODE 4 
• TRANSFER TUBE CRACKS 





CORRECTIVE ACTION 
1. REDESIGN 



Propellant Turbopump Labyrinth Seal 
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FAILURE MOPE • 

• CRACKED TURBINE BLADES 





nEMFERATURE 

PRESSURE 

ACOUSTICS 

MECHANICAL 


Turbopump 


FAILURE MODE 7 

• CRACKED CONVOLUTION, BELLOWS B SHIELD 



•TEMPERATURE 

PRESSURE 

ACOUSTICS 

MECHANICAL 


High-Pressure Fuel Turbopump 
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FAILURE MODE • 

• LOOSE ELECTRICAL CONNECTORS 



Electrical Harnesses 


FAILURE MOPE t 
• BALL BEARING DAMAGE 



Turbopump 
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FAtLUBEMQDElO 
• TUBE FRACTURE 



•AUGMENTED 

•SFARK 

•IGNITION 


CORRECTIVE ACTION: 
REDESIGN 


ASI Propellant Line (Tube) 



Primary Turbopump Seal 






FAtLUHE MODE 12 
• LUKE PRESSURE ANOMALIES 



Lube Pressure Anomalies 


FAILUWE MODE 13-A 
• VALVE FAILS TO PERFORM 



Oxidizer Poppet Valve 
















FAILURE MODE 13 B 
• VALVE FAILS TO PERFORM 


GALLING OF 
ACTUATOR BORE 
AND PISTON 
OR SEAL 


FAILURE MODE 14-A 
• INTERNAL LEAKAGE 


FRETTING OF 
POPPET. SEAL 
(WEAR) 


* 


CONTAMINATION 
AND SEAL 
DAMAGE 


Main Propellant Valve 




CONTAMINATION 
AND SEAL 
DAMAGE 


SLOW OPERATION 
♦ OR 

FAILS TO OPEN 


VALVE 

> FAILS TO 
SEAL 


Poppet Valve 




FAILUHE MODE 14 -1 
• INTERNAL VALVE LEAKAGE 



MOV Sequence Valve 

FAILURE MODE 14-C 
• INTERNAL LEAKAGE 



CORRECTIVE ACTION: 
1. REDESIGN 


Main Oxidizer Valve 
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FAILURE MOPE 14 D 

• INTERNAL LEAKAGE (TRAfPED fRESSURE) 



CORRECTIVE ACTION; 
REDESIGN 


Redundant Isolation Valve 


FAILURE MOVE 15 
• REGULATOR DISCREPANCIES 



Regulator Failure 
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FAILURE MODE 16 

• CONTAMINATED HYDRAULIC CONTROL ASSEMBLY 



Hydraulic Control Assembly 
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APPENDIX D. FLIGHT FAILURES 




APPENDIX D 


FLIGHT FAILURES 


i;-. . - r ■ . : 

To support the study of failure modes, an analysis was made of flight;, failures of 
the engine systems selected for the study. i ’ 


Again, the same technique used to slice into the failure modes detected by the 
analysis of UCR's was used in this assessment. ; 


t^otJhUl flight fail,ures} had exhaustriVe'reports detailing the incident. The events 
ieadirig .td the ^ngirie'^ ‘failure are. /shown as rectangle and the passage of time is 
shown :^roiii lef t L_.to..xighi: For.Lpurpbses^ ,of illustration, the failure mechanism has 
been greatly simplified but, in each case, has retained sufficient characteristics 
to indicate how the incident developed- 


The charts in this, appendix do not show existing or possible monitoring devices. 
Most of the depicted flights carried limited instrumentation with no means to 
shut ^'dovhT ‘the' engine because once the vehicle left the pad, there 
was no way to recover the mission. 


[.FLIGHT: FAILURE-^^^ ^ ^ ^ 


THOR 

ATLAS 

J-2 

H-1 

VEHICLE,,, 175, 

-V,. IIF 
.1 ^ 

68E 

j'-i 

... AS- 502 

SA-6 

VEHICLE -190' 

-E 45F 

225E 



VEHICLE 180 

3F 

304D 

j— 

: 

VEHICLE 537 

149F 

5503 





98F 

5701 

1 


L, 

u.iv; j 

T9Fia^- 

i j; 

1 

I ; . t .■ ' 



Failure Propagation Block ^Diagram, , 

I ..11. 
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MB3-.1 THOR 
HTR 


VEH. 175 
8-3-59 



Failure Propagation Block Diagram 


MB3-1 THOR VEH. 190 

MTR 8-141-59 



DEPLETION SWITCH 


Failure Propagation Block Diagram 
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VEH. 180 
7-26-62 


MB3-1 THOR 
WTR 



CORRECTIVE ACTION: 

CHANGES IN PROCEDURE PRIOR TO LAUNCH 
TO INSPECT FOR CONTAMINATION AND 
MOISTURE. 


Failure Propagation Block Diagram 


MB3-3 THOR VEH. 537 

WTR 2-17-71 



Failure Propagation Block Diagram 
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MA-3 ATLAS 
ETR 


VEIL IIF 
i|-9-62 


SURGES 

DURING 

START 

PHASE 


HYPERGOL 
RESIDUE IN 
HAIN FUEL VL 
ACT. LINE 





CORRECTIVE ACTION: INCORPORATION OF 

KEL-F LINER 


Failure Propagation Block Diagram 


f1A-3 ATLAS VEIL 

WTR 10-3-63 



CORRECTIVE ACTION: 'r 

K REPLACEMENT OF ACTUATION LINE PRIOR TO FLIGHT 
2. INCORPORATE PURGE OF ACTUATION LINES AFTER 
HOT FIRE. 


Failure Propagation Block Diagram 
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MA-3 ATLAS 
WTR 


VEH. 3F 
A-3-6A 



CORRECTIVE ACTION: 

1. REPLACEMENT OF ACTUATION LINES PRIOR. TO FLIGHT 

2. INCORPORATE PURGE OF ACTUATION LINES AFTER HOT 
FIRE 


Failure Propagation Block Diagram 


MA-3 ATLAS VEH. 1^I9F 

8-8-G6 





CORRECTIVE ACTION; 

PROCEDURES MODIFIED TO VERIFY REMOVAL OF ALL 
DESICCANT BAGS FROM ENGINE PRIOR TO LAUNCH. 


Failure Propagation Block Diagram 
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MA-3 ATLAS 
WTR 


VEH. 98F 
10-10-69 



CORRECTIVE ACTION; 

K RERRESERVED ALL ENGINES WITH PROPER TYPE 
PRESERVATIVE OIL 

2. INSPECTION AND FLOW CHECKS OF LUBE 
DISTRIIUTION SYSTEM 


Failure Propagation Block Diagram 


MA-3 ATLAS VEH. 19F 

WTR 5-29-80 


FAILURE OF 
TURIOPUMP 
PRIMARY fuel! 
SEAL (LEAKAGED 


TURIOPUMP 
GEAR CASE 
FLOODED 


TURBOPUMP 
LOSS OF 
EFFICIENCY 


ENGINE LOSS 
OF THRUST 


REQUIRED 

VELOCITY 

NOT 

ACHIEVED 




CORRECTIVE ACTION: 

1. INCORPORATION OF T/P GEAR lOX PURGE 

2. INSPECTION OF T/P DRAIN LINE FOR RESTRICTIONS 


Failure Propagation Block Diagram 
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Failure Propagation Block Diagram 


MA-5 ATLAS VEH. 225E 

ETR 7-20-65 



CORRECTIVE ACTION: 

INCREASE POPPET STRENGTH AND CORROSION RESISTANCE 
CHANGE OF MATERIAL (202^-T6 TO 2024-T^l) 

PROHIRIT REPETITIVE MOLDING OF KEL-F SEAT 

VERIFY EXISTENCE OF GAP BETWEEN PNEUMATIC PISTON S 

POPPET 


Failure Propagation Block Diagram 
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MA-5 ATLAS 
MTR 


VEH. 3m 
3-19-66 





CORRECTIVE ACTION: 

PROPELLANT UTILIZATION AND HEAD SUPPRESSION 
VALVE CONTROL LINES WERE INSULATED. 


Failure Propagation Block Diagram 


MA-5 ATLAS VEH. 5503 

ETR 12-4-71 



CORRECT iVE ACTION: 

REDESIGN OF SUSTAINER GAS GENERATOR OXIDIZER SUPPLY 
SYSTEM: 

K ADAPTER REDESIGNED 

2. INCORPORATION OF NEW CHECK VALVE 

3. LARGER BOOTSTRAP LINE 


Failure Propagation Block Diagram 
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MA-5 ATLAS 
ETR 


VEH. 5701 
9-29-77 


AC-93 



CORRECTIVE ACTION: 

REVIEW OF RROCESS CONTROLS OF ITEMS 
MANUFACTURED FROM 300 SERIES STAINLESS STEEL. 

MODIFICATION OF PROCEDURES TO PREVENT CARRON 
CONTAMINATION OF DUCT DURING tRAZING OPERATION. 


Failure Propagation Block Diagram 


J-2 AS-502 

ETR 9-4-68 



Failure Propagation Block Diagram 
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APPENDIX E. IN-FLIGHT CONDITION 
MONITORING LITERATURE SEARCH 




APPENDIX E 


IN-FLIGHT CONDITION MONITORING LITERATURE SEARCH 

A computerized search and review of periodicals was employed to survey the 
literature for identification of novel and state-of-the-art in-flight condition- 
monitoring technologies. The in-house on-line capability incliided Orbit IV and 
Dialog systems, and Compendex, NTIS, and ISMEC data bases, totaling some six 
million citations. 

The search addressed all those citations which were related to sensors, instru- 
ments and detectors, both diagnostic and prognostic. It was limited to Industrial 
aerospace and automotive fields and the result was 289 relevant citations. Upon 
reviewing these citations, 89 complete articles were requested. They are 
summarized In Table 22 according to article title, author, source, in-flight/ 
between-f light novel, SOTA and rocket-engine categories. The table also shows 
the number of SOTA and novel , in-flight and between-f light condition-monitoring 
systems discussed in each article. 

This search combined with a few other minor on-line searches and review of period! 
cals resulted in the 20 novel and 14 SOTA technologies. 
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TABLE 22. SUMMARY LITERATURE SEARCH EOR IH-ELIGHT CONDITION MONITORING TECHNOLOGIES 





IN-FUGHT 

tilWEEN-FUOHT 


TITLE 

author 

SOURCE 

hs 


• 


■ 

-1 

M 

remarks 

ON-LINE DIAGNOSTICS CUT 
ENGINE MAINTENANCE 

REASON. JOHN 

POWER MAGAZINE 


6 





GAS TURBINE ENGINE DIAGNOSTIC 
SYSTEM 

CHROMATOGRAPHY AUTOMATION: 
SYSTEM CONTROL AND CREDIT- 
BILITY IMPROVEMENT THROUGH 
MICROPROCESSORS 

lAUMANN, FRED 
BROWN, A. C. 
CRAIN. S. P. 
HARTMANN, C. H. 
HENDRICKSON. JOEL 

VAR I AN 

INSTRUMENT 

DIVISION 







MINICOMPUTER BASED AUTOMATED 
GAS CHROMATOGRAPH 

MICROPROCESSOR-BASED AUTO- 
MATIC HETERODYNE 
INTERFEROMETER 

MOTTIER, F. M. 

UNITED TECHNOL- 
OGIES RESEARCH 
CENTER 

• 

■ 


~ 

“ 

“ 

INSTRUMENT INTENDED AS A 
DIAGNOSTIC TOOL IN ADAPTIVE 
OPTICS 

TECHNICAL DIAGNOSIS - A SYS- 
TEMS APPROACH/AGARD CONFER- 
ENCE PROCEEDINGS NO. 165 

BRACHMAN. R. J. 

FRANKFORD 
ARSENAL, DEPART- 
MENT OF THE army 


10 





TECHNICAL DIAGNOSIS OF ENGINES 
AT THE DEPOT AND VEHICLE USER 
LEVEL OF TACTICAL UNITS 

IN-FLIGHT THRUST MEASUREMENT 
A fundamental ELEMENT IN 
ENGINE CONDITIONING MONITOR- 
ING A6AR0 CONFERENCE PRO- 
CEEDINGS NO. 165 

CHAPPELL. M.S. 
GRAVELLE. J. A. 

NATIONAL RESEARCH 
COUNCIL COMPUTING 
SERVICES CO. 

1 






IN-FLIGHT GROSS THRUST MEASUR- 
ING SYSTEM 

AIRCRAFT ENGINE DESIGN AND | 
DEVELOPMENT THROUGH LESSONS 
learned agard conference ' 

PROCEEDINGS NO. 215 

KOFF. 1. L. 

GENERAL ELECTRIC 
AIRCRAFT ENGINE 
GROUP 


2 

1 



i 

INFRARED OPTICAL PYROMETER 
USED FOR MEASURING TEMPERATURE 
OF ROTATING TURBINE BLADES 

METROLOGY AUTOMATED SYSTEM 
FOR UNIFORM RECALL AND 
REPORTING (MEASURE USERS 
MANUAL) 


OFFICE OF CHIEF 
OF NAVAL OPERA- 
TIONS. DEPARTMENT 
OF THE NAVY 







USERS MANUAL TO PROVIDE INFOR- 
MATION TO EFFECTIVELY USE THE 
NAVY’S METROLOGY AUTOMATED 
SYSTEM 

AIRCRAFT GAS TURBINE CONDI- 
TION ANALYSIS INSTRUMENTA- 
TION: ITS USE FOR THE STATUS 
DIAGNOSIS OF NAVEL TURBINE 
ENGINES 

2IEBARTH. H.K. 
CHANGE, J. D. 

AIRESEARCH 
MANUFACTURING CO. 







TURBINE ENGINE DIAGNOSTIC 
TECHNIQUES FOR STATUS DETERM- 
INATION OF CRITICAL COMPONENT 
OF GAS TURBINE ENGINES 

MONITOR MACHINERY CONDITION 
FOR SAFE OPERATION 

lENTLY, D. £. 

BENTLY NEVADA 
CORP. 

1 — 

1 : 






PHILOSOPHY OF USING DIAGNOSTIC 
INSTRUMENTATION FOR PREVENTING 
ACCIDENTS INVOLVING ROTATING 
MACHINERY 


*S0TA ‘ UP TO DATE. IN USE, PROVEN TECHNOLOGY **NOVEL • NOT PROVEN, PROTOTYPE TECHNOLOGY 




M 


4 
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TABLE 22. (CONTINUED) 





IN-FUOHT 

■ETWEE»t^UaHT 


TITLI 

AUTHOR 

SOURCE 


l| 

i 

i| 

& 

ill 

I 

REMARKS 

INSTRUMENTATION FOR RAMAN/ 
WriEIGH LIGHT SCATTERING 
MEASUREMENTS OF GAS DENSITIES 
AND TEMPERATURES IN AEROSPACE 
TEST FACILITIES 

POWELL, H. M. 
JONES. J. H. 
WILLIAMS, W. 0. 
MCQUIRE, R. L. 

ARO, INC. 



1 




INSTRUMENTATION SYSTEM 
DEVELOPED FOR MEASUREMENT OF 
GAS SPECIES DENSITIES AND 
TEMPERATURES IN AEROSPACE TEST 
FACILITIES. (RAMAN/RAYLEIGH 
LIGHT SCATTERING TECHNIQUES) 

MODERN DIAGNOSTIC TECHNIQUES 
IMPROVE STEAM-TURIINE 
RELIAIILITY 

BANNISTER. R. L. 
OSBORNE, R. L. 
JENNINGS, S. J. 

WESTINGHOUSE 
ELECTRIC CORP. 







SOTA TURBINE SUPERVISORY 
INSTRUMENTATION AND A NOVEL 
USER LIGHT PROBE TO MEASURE 
MOISTURE IN LOW-PRESSURE 
TURBINE 

A NEW METHOD FOR ON-LINE 
SURVEILLANCE OF NUCLEAR 
POWER REACTORS lASED ON 
DECISION THEORY 

SAEDTLER, £. 

FEDERAL REPUBLIC 
OF GERMANY 






■ 

METHOD FOR THE AUTOMATIC MONI- 
TORING OF REACTOR OPERATIONAL 
STATES BASED UPON DECISION 
THEORY 

1975 IEEE INTERCOM 
CONFERENCE RECORD 


IEEE 


■ 



■ 


VARIETY OF PAPERS PRESENTED AT 
THE 1975 INTERNATIONAL CONVEN- 
TION AND EXPOSITION OF THE 
IEEE, APRIL 1975 

GAS TEMPERATURE-DENSITY (6TD) 
SENSOR FOR TURBINE INLET GAS 
TEMPERATURE MEASUREMENT 

VANROBERTS. J. * 
ROHY, D. A. 

AIR FORCE FLIGHT 

DYNAMICS 

LABORATORY 



1 




B - RADIATION DENSITY - TEMPER- 
ATURE MEASUREMENT IN AIRCRAFT 
TURBINES 

ADVMCES IN MEASURING TECH- 
NIQUES FOR TURBINE COOLING 
TEST RIGS; STATUS REPORT 

POLLACK, F. 6. 

NASA LEWIS 
RESEARCH CENTER 



3 




OPTICAL TEMPERATURE SENSORS 
AND ROTATING MEASUREMENT 
SYSTEMS 

TURBINE BLADE PYROMETER SYS- 
TEM IN THE CONTROL OF THE 
CONCORDE ENGINE 

CURWEN. K. R. 

KOLLSHAN 

INSTRUMENT LIMITED 


1 





PYROHETRIC TEMPERATURE SENSING 
SYSTEM FOR AIRCRAFT TURBINE 
BUOES 

AN ULTRASONIC TURBINE INLET 
GAS TEMPERATURE SENSOR 

SMALL, L. L. 
longstree. C. S. 

BENOIX CORP. 



1 




ULTRASONIC TEMPERATURE SENSOR 
FOR AIRCRAFT GAS TURBINE 

ENGINE CONDITION MONITORING 
AS A PART OF THE PROPULSION 
MANAGEMENT CONCEPT 

SIBLEY. R. K. 

PRATT & WHITNEY 
AIRCRAFT 


1 





AIRCRAFT ENGINE CONDITION 
MONITORING SYSTEM 

INFLIGHT ENGINE CONDITION 
MONITORING SYSTEM 

VANCLEVE. G. C. 

DETROIT DIESEL 
ALLISON 


1 





AIRCRAFT ENGINE CONDITION 
MONITORING SYSTEM 

FLOWMETER FOR SMALL ATTITUDE 
CONTROL PROPULSION SYSTEMS 

THOMPSON, R. J. 
JR. 

AOCKETOYNE 

1 






CANTILEVER STRAIN GAGE-TYPE 
FLOWMETER 


•SOTA - UP TO DATE. IN USE. PROVEN TECHNOLOGY **NOVEL • NOT PROVEN. PROTOTYPE TECHNOLOGY 
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TABLE 22. (CONTINUED) 





IN-FLIGHT 

■ETWEEN-fLIGHT 


TITLE 

AUTHOR 

•OURCC 


& 

h 

% 

Ui 

1 

§8 

" K 

Z 

w 

REMARKS 

THE IN-LINE OIL MONITOR AND 
ITS ROLE IN ENGINE CONDITION 
MONITORING 

SKALA, G. F. 

ENVIRONMENT/ONE 

CORP. 


1 





CONTINUOUS OIL CONDITION AND 
PARTICULATE MONITORING FOR 
AIRCRAFT ENGINES 

ADVANCED TORQUE MEASUREMENT 
SYSTEMS TECHNIQUE FOR 
AIRCRAFT TURIOSHAFT ENGINES 

SCORPE, F. E. 

AVCO LYCOMING 


1 





AIRCRAFT TURIOSHAFT ENGINE 
TORQUE MEASURING SYSTEM 

PERFECT MEACHINES REPLACE 
FALLIILE MEN? CAVEAT EMPTORI 

NATKIN, Hi 

ELECTRONIC 
COMPONENT NEWS 

- 

- 

- 

- 

- 

- 

OVERVIEW OF THE USE OF AUTO- 
MATIC TEST EQUIPMENT 

TRENDS - AN AUTOMATIC GAS 
TURIINE DIAGNOSTIC SYSTEM 

PASSALACQUA. J. R. 

HAMILTON STANDARD 
DIVISION OF UNITED 
(\IRCRAFT 







DEVELOPMENT. OPERATION AND PER- 
FORMANCE OF AN AUTOMATIC ENGINE 
CONDITION MONITORING SYSTEM 
CALLED TRENDS 

ON VEHICLE MOIILITY MEASURE- 
MENT AND RECORDING SYSTEM 

CHIN, F. K. 
WATTS, R. 

GENERAL AMERICAN 

FRANSPORTATION 

CORPORATION AND 

1VCT-MAINTENANCE 

J.S. ARMY TANK 

WTOMOTIVE 

COhtllSSION 


fi 





ON-IOARO ENGINE CONDITION MON- 
TORING SYSTEM FOR U.S. ARMY 
M35A2, 2-1/2 TON CARGO TRUCK 

TURIINE ENGINE SENSORS FOR 
HIGH TEMPERATURE APPLICATIONS 

SMALL, L. L. 

JSAF AERO PROPUL- 
SION UlORATORY 



4 




NOVEL TURIINE ENGINE TEMPERA- 
TURE SENSORS INCLUDED: 

1 . FLUIDIC TEMPERATURE SENSOR 
USING EDGETONE RESONATOR 

2. INFRARED PYROMETER 

3. ULTRASONIC GAS GAP SENSOR 

4. ELECTRON lEAM SENSOR 

A HIGH SPEED AIRIORNE DATA 
ACQUISITION AND CONTROL SYS- 
TEM WITH AN INTEGRATED 
DIGITAL COMPUTER 

TROVER, W. F. 

FELEDYNE CONTROLS 
COMPANY 







4IFIDS-4000 SYSTEM FOR USE IN 
AIRCRAFT AND SYSTEM FLIGHT TEST 

CALORIMETER RROIES FOR 
MEASURING HITHER THERMAL FLUX- 
lEEE 1979 INSTRUMENTED AERO- 
SPACE SIMULATION 

RUSSEL, L. 0. 

WES RESEARCH 
:enter 


1 





EXPENDABLE, TUNGSTEN-CAP CALOR- 
IMETER PROIE FOR MEASURING 
EXTREMELY HIGH HEAT FLUXES 
(10-30 KW/CM^) IN ARC JET 
-ACILITIES USED FOR SIMULATING 
PLANETARY ENTRY HEATING 
CONDITIONS 


‘SOTA - UP TO DATE, IN USE, PROVEN TECHNOLOGY "NOVEL - NOT PROVEN, PROTOTYPE TECHNOLOGY 
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OVERVIEW OF TRANSDUCERS AND TOIIN, H. 6. 
SENSORS FOR DIAGNOSTICS 


I IT RESEARCH 
INSTITUTE 


AN OVERVIEW OF SENSORS USED IN 
DIAGNOSTIC TECHNIQUES FOR 
AUTOMOTIVE PRUfOSES. TEMPER- 
ATURE, PRESSURE, VIIRATION AND 
ELECTRICAL IGNITION SYSTEM 
SENSORS ARE DISCUSSED 


PROIE MEASUREMENTS IN FLAMES iOWMAN, C. T. STANFORD 
(EXPERIMENTAL DIAGNOSTICS IN UNIVERSITY 

GAS PHASE COMIUSTION SYSTEMS) 


I temperature. SPECIES CONCEN- 
TRATION AND VELOCITY PROIES 
USED FOR MEASUREMENT IN LAt- 
i ORATORY AND INDUSTRIAL FLAMES 


HYDRAULIC DIAGNOSTIC MONITOR- OUZICH. J. J. 
ING SYSTEM 


GRUMMAN AEROSPACE 
CORPORATION 


CRESWICK, F. A. 
WYLER. E. N. 


STUDY OF ADVANCED AUTOMATIC 
OIAGNOSTI C/PROGNOSTIC TEST 
EQUIPMENT FOR MAINTENANCE OF 
MILITARY AUTOMOTIVE VEHICLES 
(REPORT NO. A-4712, TASK 53) 


SOME PROILEMS OF EXPLOITATION SLODOWNIK. A. 
OF JET TURIINE AIRCRAFT 
ENGINES OF LOT POLISH AIR 
LINES 


lATTELLE. 

COLUMIUS 

LAIORATORIES 


TECHNIKA 

LOTNICZA 


SPACE SENSOR LOCATION AND 
ATTACHMENT 


MAYER, T. C. PARKS COLLEGE OF 

SUTPHIN, H. W. ST. LOUIS 

HARRINGTON, J. T. UNIVERSITY 


DIAGNOSTIC MONITORING SYSTEM 
FOR A HYDRAULIC FLIGHT SIMU- 
LATOR. SYSTEM WARNS OF 
IMPENDING FAILURE OF HYDRAULIC 
SYSTEM COMPONENTS lY ON-BOARD 
SENSORS. ONE NOVEL SENSOR WAS 
A FIBER-OPTIC APPROACH USED 
FOR DETECTING THE PRESENCE OF 
LIQUID IN A HIGH-PRESSURE 
PNEUMATIC BOTTLE. 

REVIEW OF CURRENT TECHNOLOGY 
FOR AUTOMATIC DIAGNOSTIC/PROG- 
NOSTIC TEST EQUIPMENT FOR USE 
IN MILITARY VEHICLE 
MAINTENANCE 

MENTIONS THE USE OF A RADIO- 
ACTIVE ISOTOPE FOR DETERMINING 
THE WEAR OF ENGINE ROTOR BEAR- 
INGS AND TURIINE TIPS ON COM- 
MERICAL JET AIRCRAFT 

THIS REPORT DISCUSSES THE 
SHOCK PULSE VIBRATION TECH- 
NIQUE FOR DETECTING BEARING 
WEAR IN HELICOPTER GEAR BOXES. 
PLACEMENT AND MOUNTING METHODS 
FOR THE ACCELEROMETERS ARE 
DESCRIBED 


A STATUS REPORT ON SENSORS 
AND THEIR APPLICATION TO 
BEARING CONDITION MONITORING 
(MECHANICAL FAILURES PREVEN- 
TION GROUP MEETING NO. If, 
NOVEMBER • TO 10, 1972) 


WHITTIER. R. M. 


DISCUSSION OF ACOUSTIC EMIS- 
SION, VIBRATION SENSORS AND 
PIEZOELECTRIC TRANSDUCERS FOR 
BEARING CONDITION MONITORING 


*SOTA - UP TO DATE, IN USE, PROVEN TECHNOLOGY 


**NOVEL - HOT PROVEN, PROTOTYPE TECHNOLOGY 
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REMARKS 

RESONANT STRUCTURE TECHNIQUES 
FOR REARING FAULT ANALYSIS 

lURCHILL, R. F. 

MECHANICAL TECH- 
NOLOGY, INC. 

1 



1 




SENSING SYSTEM TO DETECT lALL 
BEARING FAILURE FOR A SPACE 
GYRO APPLICATION USING A 
BROAD BAND, MINIATURE ACCEL- 
EROMETER (INCLUDED A FAULT 
DETECTION CIRCUIT WITH 28K Hz 
FILTER AND ENVELOPE DETECTION 
DEVICE) 

INSTRUMENTATION III MEDICAL 
EQUIPMENT 

SHACKIL, A, F, 

IEEE SPECTRUM 
JANUARY 1981 








TWO NEW DEVICES DEVELOPED BY 
THE MEDICAL FIELD CALLED 
COMPUTERIZED AXIAL TOMOGRAPHY 
(CAT) AND POSITRON EMISSION 
TOMOGRAPHY PROVIDE BIOCHEMICAL 
AND STRUCTURAL INFORMATION. 
THESE SCANNERS ARE NON INVA- 
SIVE IMAGING SYSTEMS. A THIRD 
DIAGNOSTIC SYSTEM DESCRIBED IS 
A NUCLEAR MAGNETIC RESONANCE 
IMAGING SYSTEM. 

DIAGNOSTICS OF WEAR IN 
AERONAUTICAL SYSTEMS 

WEDEVEN, L. D. 

NASA LEWIS 
RESEARCH CENTER 


5 






SOTA DETECTION TECHNIQUES FOR 
OIL ANALYSIS: 

K SOAP (SPECTROMETRIC OIL 
ANALYSIS PROGRAM) 

2. CHIP DETECTORS 

3. FERROGRAPHY 

4. IN-LINE OIL MONITOR 

5. RADIOACTIVE ISOTOPE TAGGING 

AN EXPERIMENTAL INVESTIGATION 
OF CYLINDRICAL ROLLER lEAR- 
INGS HAVING ANNULAR ROLLERS 

SUZUKI, A. 
SEIREG, A. 

UNIVERSITY OF 
WISCONSIN TRANS 
OF ASME 
OCTOIER 1976 








RADIOACTIVE TRACING OF BALL 
BEARINGS WITH GAMMA RADIATION 
AND USE OF A SCINTILLATION 
DETECTOR AND COUNTER TO 
MEASURE CHANGE IN RADIOACTIV- 
ITY OF BEARINGS AND THUS PRO- 
DUCE A MEASURE OF BEARING WEAR 

F15/F100 ENGINE DIAGNOSTIC 
SYSTEM 

SPETH, R. H. 
SCOTT, B. C. 
ROMOSER, B. K. 

McDONNEL 
AIRCRAFT CO., 
PRATT & WHITNEY 
AIRCRAFT 


20 






ENGINE MONITORING AND DIAG- 
NOSTIC SYSTEM TO DETECT AND 
DIAGNOSE ENGINE MALFUNCTIONS 
AND IDENTIFY FAULTY COMPONENTS 

AIDS - AIRCRAFT INTEGRATED 
DATA SYSTEM 

HUGHES, I. 

1 

HAMILTON STANDARD 
DIVISION OF 
UNITED TECHNOL- 
OGIES CORP. 




- i 




AIDS FUNCTION IS TO PROVIDE 
ON-BOARD MONITORING OF 
ENGINES, AIRCRAFT SYSTEMS AND 
AIRCRAFT PERFORMANCE 

*SOTA = UP TO DATE, IN USE, PROVEN TECHNOLOGY 


♦♦NOVEL = NOT PROVEN, PROTOTYPE T 

ECHNOLOGY 
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REMARKS 

A TRANSMITTER FOR DIAGNOSTIC 
IMAGING (VOL. 90, PROCEED^ 
INGS OF THE PHOTO-OPTICAL 
INSTRUMENTATION ENGINEERS, 
AUGUST, 1§7«) 

WANG, K. 
CHANGE, H. 
SHEN, H. 
WADE, G. 
SU. K. 

LO, K. 
ELLIOT. S. 

UNIVERSITY OF 
HOUSTON 
UNIVERSITY OF 
CALIFORNIA SANTA 
BARBARA 







ACOUSTIC IMAGING SYSTEM USING 
AN OPTO-ACOUSTIC TRANSDUCER 
(OAT) TO PRODUCE REAL-TIME 
ORTHOGRAPHIC DIAGNOSTIC 
IMAGING IN THE MEDICAL FIELD 

EXPERIMENTAL DETERMINATION 
OF TRANSIENT STRAIN IN A 
THERMALLY-CYCLED SIMULATED 
TURIINE ILADE UTILIZING A 
NONCONTACT TECHNIQUE 

CALFO, F. D. 
•I20N, P. T, 

NASA LEWIS 
RESEARCH CENTER 



1 




A NONCONTACTING ELECTRO- 
OPTICAL EXTENSOMETER USED TO 
MEASURE DISPLACEMENT BETWEEN 
PARALLEL TARGETS MOUNTED ON 
LEADING EDGE OF SIMULATED 
TURBINE BLADE. THIS METHOD 
COULD BE EXTREMELY USEFUL IN 
DEVELOPMENT AND EVALUATION OF 
A THEORY FOR PREDICTING 
THERMAL FATIGUE LIFE OF 
STRUCTURAL COMPONENTS 

CONCEPT FORMULATION STUDY 
FOR AUTOMATIC INSPECTION, 
DIAGNOSTIC AND PROGNOSTIC 
SYSTESM (AIOAPS) FINAL 
REPORT, VOL. 1 

NORTHROP CORP. 

ELECTRONICS 

DIVISION 

NORTHROP CORP. 


1 

SYSTEM 





THIS PAPER PRESENTS THE RESULTS 
OF A CONCEPT FORMULATION STUDY 
FOR AN AUTOMATIC INSPECTION, 
DIAGNOSTIC AND PROGNOSTIC SYS- 
TEM (AIDAPS) FOR ARMY AIRCRAFT 

INTEGRATED ENGINE INSTRUMENT 
SYSTEM 

SKOVHOLT, R. L. 

GENERAL ELECTRIC 
COMPANY 


1 

SYSTEM 





INTEGRATED ENGINE INSTRUMENT 
SYSTEM (lEIS) IS A COMPUTER 
DRIVEN DISPLAY AND PROCESSING 
SYSTEM FOR MONITORING AIRCRAFT 
ENGINE CONDITION. THIS REPORT 
COVERS THE ESTABLISHMENT OF 
REQUIREMENTS AND SYSTEM DESIGN 
OF lEIS 

IMPROVED CAPAilLITIES TO 
DETECT INCIPIENT BEARING 
FAILURE 

ALCORTA, J. A. 
PACKER, L. L. 

PRATT A WHITNEY 
AIRCRAFT GROUP 

- 


1 • 




LOW-LEVEL RADIATION TECHNIQUE. 
USING IRON-55 AS THE RADIO- 
ACTIVE TAG, FOR DETECTION OF 
WEAR IN GAS TURBINE ENGINE 
MAINSHAFT BEARINGS. A GAS 
FLOW PROPORTIONAL COUNTER WITH 
COSMIC GUARD DETECTOR AND BACK- 
GROUND SHIELDING CONSTITUTES 
THE LOW-LEVEL RADIOACTIVE 
MEASURING DEVICE FOR THE IRON- 
55 COUNTING 


*S0TA • UP TO DATE, IN USE, PROVEN TECHNOLOGY “NOVEL • NOT PROVEN, PROTOTYPE TECHNOLOGY 
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FlOl (PV) OPERATION AND 
SERVICE MANUAL 


SENERAL ELECTRIC 
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TWO NOVEL IN-FLIGHT SENSORS: 

1. T4I PYROMETER, AN INFRARED 
RADIATION SENSING DEVICE 
(CONSISTING OF A SILICONE 
CHIP PROTODIODE SENSOR AND 
ELECTRONICS PACKAGE) PRO- 
DUCING AN OUTPUT THAT IS AN 
EXPONENTIAL OF TURIINE ILADE 
TEMPERATURE 

2. FLAME SENSOR WHICH IS AN 
UNTRAVIOLET RADIATION SENS- 
ING DEVICE USED FOR DETECT- 
ING THE PRESENCE OF FLAME 
AT THE FLAMEHOLDER IN THE 
AUGMENTER 

INTEGRATED ENGINE INSTRUMENT 
SYSTEM FINAL TECHNICAL REPORT 
PHASE IV 

SKOVHOLT, R. 

GENERAL ELECTRIC 


1 

SYSTEM 





AREAS OF SYSTEM DESIGN, HUMAN 
FACTORS AND DISPLAY EQUIPMENT 
FOR THE lEIS PROGRAM ARE 
DESCRIBED IN THIS FINAL REPORT. 
DIGITAL PROCESSING TECHNIQUES 
FOR CONVERTING ANALOG PYROMETER 
AND ACCELEROMETER OUTPUTS TO 
DIGITAL WORDS FOR FURTHER 
PROCESSING. 

SETE WORKSHOP PROCEEDINGS, 
ADVANCED TECHNIQUES FOR 
AUTOMATIC TESTING AND lUILT- 
IN TEST EQUIPMENT (IITE) FOR 
TEST, MEASUREMENT AND DIAG- 
NOSTIC EQUIPMENT (TMOE) 

GOODMAN, D. M. 

FLEET MISSILE 
SYSTEMS 1 







OVERVIEW OF R&D ACTIVITIES IN 
AUTOMATION AND lUILT-lN TEST 
EQUIPMENT SPONSORED lY DOO, 
NASA, DEPARTMENT OF COMMERCE 
AND INDUSTRY. 

FEASIIILITY STUDY FOR A 
HYDROGEN GAS LEAK DETECTION 
SYSTEM AS REQUIRED FOR USE 
ON IN-FLIGHT EXPERIMENTS - 
FINAL REPORT 

VARADI, P,. 
ADAIR, R. 
SHAIECK, J. 

RAYTHEON COMPANY, 
SPACE AND INFORNA- 
riON SYSTEMS 
3IVISION 



1 




A VARADI MASS SPECTROMETER TUIE 
DESIGNED FOR USE IN A FLIGHT 
HYDROGEN LEAK DETECTOR SYSTEM. 
THE SYSTEM DETECTED LESS THAN 
n HYDROGEN IN A HELIUM 
ATMOSPHERE AT 10’^ TORR. 

CONCEPT FORMUUTION STUDY FOR 
AUTOMATIC INSPECTION, 
DIAGNOSTIC AND PROGNOSTIC 
SYSTEMS (AIDAPS) APPENDIX 
F-AIDAPS PARAMETER LISTS 


NORTHROP CORPORA- 
nON, ELECTRONICS 
)IVISION 



i 

1 



INSTRUMENT PARAMETER LISTS FOR 
ARMY AIRCRAFT WHICH DEFINE THE 
INTERFACING REQUIREMENTS 
BETWEEN MAINTENANCE REQUIRE- 
MENTS AND AIDAPS DATA COLLEC- 
TION FUNCTIONS. 


*S0TA - UP TO DATE. IN USE. PNOVEN TECHNOLOGT "NOVEL - NOT PROVEN, PROTOTYPE TECHNOLOGY 
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REMAIIIU 

INSTRUMENTATION AND PROCESS 
CONTROL DEVELOPMENT FOR IN- 
SITU COAL GASIFICATION 
TWENTIETH QUARTERLY REPORT: 
SEPTEMIER THROUGH NOVEMIER 
1979 

GLASS, R. E. 

THERMAL PROCESSES 
DIVISION, SANDIA 
NATIONAL 
LAIORATORIES 







SANDIA NATIONAL LAIORATORIES 
TESTING OF AN INVERTED THERMO- 
COUPLE AND A SURFACE ELECTRICAL 
RESISTIVITY NETWORK FOR IH- 
SITU COAL GASIFICATION 
EXPERIMENTS 

UH-1H AIDAPS TEST RED PROGRAM 
VOLUME I AND II 

PROVENZANO, J. 
GAMES, J 
WYROSTEK, A. 
OSTHEIMER, A. 
YOUNG, J. 

HAMILTON 

STANDARD 


1 

SYSTEM 





SOT A HARDWARE TO PROVIDE AUTO- 
MATIC INSPECTION. DIAGNOSTIC 
AND PROGNOSTIC MAINTENANCE 
FUNCTIONS ON SLECTED UH-IH 
HELICOPTER SYSTEMS. 

NONDESTRUCTIVE INSPECTION 
PRACTICES, VOLUME I 

lOLIS, E. 
EDITOR 

NATO A6AR00GRAPH 
NO. 201 







THE FOLLOWING SOTA TECHNIQUES 
FOR NONDESTRUCTIVE EVALUATION 
OF MATERIALS ARE DISCUSSED: 

1. RADIOGRAPH 

2. MAGNETIC PARTICLE 

3. LIQUID PENETRANT 

4. EDDY CURRENT 

5. ULTRASONIC 

6. ACOUSTIC EMISSION 

7. HOLOGRAPHIC METHODS 

USAANROL TECHNICAL REPORT 
72-59 ADVANCED ENGINE CONTROL 
PROGRAM 

WHITE, A. H, 
WILLS, D. F. 

COLT INDUSTRIES 
CHANDLER-EVANS 
INC., CONTROL 
SYSTEMS DIVISION 


• 





AN ADVANCED ELECTRONIC ENGINE 
CONTROL SYSTEM FOR SMALL TURIO- 
SHAFT ENGINES. INSTRUMENTATION 
FEATURES A RADIATION PYROMETER 
MEASURING TURIINE ILAOE TEMPER- 
ATURE - UTILIZES A FLEXIILE 
FIIER OPTIC CAILE TO LINK HOT 
ZONE APERATURE ASSEMILY TO 
DETECTOR ASSEMILY 

INSTRUMENTATION FOR NONCON- 
TRACT IC ENGINE TEST AND 
MONITORING 

HADDEN. S. C. 
HULLS, L. R. 
SUTPHIN, E. M. 

RCA GOVERNMENT 
AND COMMERCIAL 
SYSTEM/ AUTOMATED 
SYSTEMS DIVISION 






j 

A SINGLE NONCONTRACTING TRANS- 
DUCER AND SPECIAL PURPOSE CIR- 
CUITRY WHICH EXTRACTS ENGINE 
SPEED INFORMATION AND PERFORMS 
SPECTRAL ANALYSIS FOR DIAG- 
NOSTIC PURPOSES FOR INTERNAL 
COMIUSTION ENGINES. 

A RADIATION PYROMETER 
DESIGNED FOR IN-FLIGHT 
MEASUREMENT OF TURIINE lUDE 
TEMPERATURES (SOCIETY OF 
AUTOMOTIVE ENGINEERS) 

IAR8ER, r7 

LAND PYROMETERS, 
INC. 


1 





DESCRIIES THE PRINCIPLE OF 
OPERATION AND DESIGN OF A 
RADIATION PYROMETER DEVELOPED 
TO MEASURE SURFACE TEMPERATURES 
OF TURIINE ILADES DURING FLIGHT 
THE PYROMETER CAN MEASURE TEMP- 
ERATURES AlOVE 1300 F TO AN 
ACCURACY OF *10 F. 
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REIMARKS 

EFFECTIVENESS OF THE REAL 
TIME FERROGRAPH AND OTHER 
OIL MONITORS AS RELATED TO 
OIL FILTRATION 

POPGOSHEV, D. 
VALORI» R. 

NAVAL AIR 

PROPULSION 

CENTER 
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AN OIL MONITOR KNOWN AS A REAL 
TIME FERROGRAPH USED FOR 
DETECTING ROLLING CONTACT 
FATIGUE OR SCORING-TYPE FAIL- 
URES. FERROGRAPH IS EFFECTIVE 
IN DETECTING FAILURES WHEN OIL 
FILTRATION LEVEL IS AlOVE 40 
MICROMETERS. 

FIIER OPTIC AND LASER 
DIGITAL PRESSURE TRANSDUCER 

MARGERUN. G. W. 
LEONARD, J. W. 
FURS. A. E. 

NAVAL POST- 
GRADUATE SCHOOL 



2 





TWO FIIER OPTIC PRESSURE 
TRANSDUCERS: 

1. FIIER OPTICAL DEVICE MEASUR^ 
ING OUTPUT LIGHT FLUX FROM 

A DIAPHRAGM WHICH IS A 
MEASURE OF PRESSURE. 

2. DIGITAL PRESSURE TRANSDUCER 
EMPLOYING MODULATION OF 
LASER POWER lY USE OF A 
MIRROR AHACHED TO THE 
SENSING DIAPHRAGM. 

STATUS OF THE EVALUATION OF 
A CORIOLIS EFFECT MASS FLOW- 
METER FOR DENSE PHASE COAL 
FLOWS 

lAUCUM. W. E. 

UNIVERSITY OF 
TENNESSEE, SPACE 
INSTITUTE 



1 





MASS FLOWMETER UTILIZING 
CORIOLIS FORCES GENERATED lY 
FLOW OF A SUiSTANCE TO MEASURE : 
THE MASS WHICH GENERATES THE 
FORCE 

SURFACE ACOUSTIC WAVE UNDER- 
WATER SOUND SENSORS 

STAPLES. E. J. 
WISE, 0 

SCHOENWALD, J. S. 
LIM, T. C. 

ROCKWELL 
INTERNATIONAL, 
ELECTRONICS 
RESEARCH CENTER 



T 





ACOUSTICAL TYPE OF UNDERWATER 
SOUND DETECTOR USING SURFACE 
ACOUSTIC WAVE RESONATOR CON- 
TROLLED OSCILLATORS 

DIGITAL QUARTZ PRESSURE 
TRANSDUCERS FOR FLIGHT 
APPLICATIONS 

PAROS. J. M. 

PAROSCIENTIFIC, 

INC. 



1 





DIGITAL QUARTZ PRESSURE TRANS- 
DUCERS USED ON THE F-lll AIR- 
CRAFT IN THE INTEGRATED PRO- 
PULSION CONTROL SYSTEM 

WIEGAND EFFECT: A NEW PULSE 

GENERATING OPTION 


SOCIETY OF AUTO- 
MOTIVE ENGINEERS, 
INC. 



T 


1 



A NOVEL TRANSDUCER YIELDING 
DIGITAL PULSES IN RESPONSE TO 
MOTION. THE WIEGAND MODULE HAS 
SUCH POTENTIAL APPLICATIONS AS 
IGNITION TRIGGERS AND TACHO- 
METERS AND SPEEDOMETERS IN 
THE AUTOMOTIVE INDUSTRY. 
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TASK COHPLETION REPORT SSME 
RIGHT INSTRUMENTATION 
12 JUNE 1910 
RI/RDt0>170 

NERVA NUCLEAR SUISYSTEH 
INSTRUMENTATION 


SSME ENGINEERING 


SWOPE» R. R. 


TURfINE ENGINE INSPECTION 
WITHOUT OISASSEMILY 

APPLICATIONS OF ELECTRO- 
OPTICAL INSTRUMENTATION 


McCORO, R. N. 


ALWANG. W. 6. 


ROCKWELL ' 
INTERNATIONAL, 
ROCKETDYNE 
DIVISION 

WESTINGHOUSE 

ELECTRIC 

CORPORATION 


PRATT < WHITNEY 
AIRCRAFT GROUP 

PRAn & WHITNEY 
AIRCRAFT GROUP 


SURVEY AND ANALYSIS OF DIGITAL 
PRESSURE TRANSDUCERS AND 
FIIER OPTICAL SPEED SENSORS 
FOR SSME APPLICATIONS. 

A NOVEL HIGH TEMPERATURE 
THERMOCOUPLE UTILIZING TUNG- 
STEN/TUNGSTEN-26X RHENIUM 
THERMOCOUPLE WIRE IN A HOLY- 
IDENUM SHEATH WITH UO VITRI- 
FIED READS FOR INSULATION 
(TEMPERATURE RANGE 492 TO 
47R5 R) 

FIRROSCOPE USED FOR TURRINE 
ENGINE INSPECTION. 

NOVEL GAS TURRINE ELECTRO- 
OPTICAL INSTRUMENTATION 
INCLUDES: 

1 . OPTICAL PYROMETERS 

2. RAMAN SCATTERING 

VIIRATION AND STRAIN 

1. HOLOGRAPHY 

2. SPECKLE PHOTOGRAPHY 

3. DIFFRACTION GRATINGS 

4. ROTOR RLADE TIP ORIENTATION 
USING OPTICAL SENSORS 

5. REFLECTED LASER REAM FOR 
DETERMINING ROTOR RLADE 
VIRRATORY MODE SHAPES 

R. OPTICAL HETERODYNING 

CLEARANCE AND DISPLACEMENT 

1. OPTICAL PROXIMITY PRORES- 
INTENSITY TYPE 

2. OPTICAL PRORES- 
TRIANGULATION TYPE 

3. IMAGING TYPES OF DISPLACE- 
MENT SENSORS 

FLOW 

1 . HOLOGRAPHIC FLOW 
VISUALIZATION 

2. LASER VELOCIMETRY. 
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REMARKS 

A NOVEL FIIER-OPTIC TEMPER- 
ATURE PROIE 

DARKIN. 0. P. 
KAHN. D. A. 

PLESSEY RADAR 
RESEARCH CENTER 



1 





FIIER OPTIC TEMPERATURE PROIE 
CONSISTING OF A SILICA FIIRE 
WAVEGUIDE TERMINATED IY AN 
OPAQUE SHIELD (FOR USE IN 
400 TO 1100 C RANGE) 

FF41-A-2/A7E INFLIGHT ENGINE 
CONDITION MONITORING SYSTEM 
(lECMS) 

DeMOn, L. R. 

DETROIT DIESEL 
ALLISON GMC 


14 






INFLIGHT ENGINE CONDITION MON- 
ITORING SYSTEM FOR THE 
TF41-A-2 AIRCRAFT GAS TURIINE 
ENGINE. 

AIDS - EXPECTATIONS PAST. 
PRESENT AND FUTURE 

ALLISON. J. W. 
DIECKMAN, T. W. 

PRAH t WHITNEY 
AIRCRAFT GROUP 








THIS PAPER DISCUSSES THE AIDS 
HARDWARE INSTALLED, SIGNIFI- 
CANT PARAMETERS MONITORED, AND 
AIDS PROGRAM HIGHLIGHTS FOR 
COMMERCIAL AIRCRAFT. 

0T9O-7A(SP) JET ENGINE PER- 
FORMANCE DETERIORATION TRENDS 

RICHTER, 6. P. 

LEWIS RESEARCH 
CENTER 








THIS PAPER PRESENTS A DISCUS- 
SION OF THE TEST PROGRAM AND 
THE RESULTS OF THE DATA ANA- 
LYSIS CONDUCTED ON THE PAW 
JT9D JET ENGINE 

NEUTRON RADIOGRAPHIC NON- 
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OF FAILURE 



APPENDIX F 


IN-FLIGHT AND BETWEEN-FLIGHT MEASURANDS FOR DETECTION OF FAILURE 

The diagrams in this section show the in-flight and between-f light measurands 
which can be used for detection of each failure mode from Task I and shown in 
Appendix C. 

The 16 failure modes covered herein were determined by an analysis of 86,000 
actually experienced failures. 



CORRECTIVE ACTION 


1. REDESIGN 

a. VALVE 

b. SCREW 


Main Oxidizer Valve Failure 


FAILURE MODE I B 
• BOLT TORQUE RELAXATION 



• GAS GENERATOR CONTROL VALVE 


Main Oxidizer Valve Failure 
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FAILURE MODE 2 



Nozzle-Combustor Failure 



Hot-Gas Leakage Failure 





















fAILUHE MODE 3 < 

• JOINT LEAKAGE 



Propellant Leakage Failure 


FAILURE MOPE 4 
• TRANSFER TUBE CRACKS 



CORRECTIVE ACTION 
1. REDESIGN 


Hot Gas Manifold Failure 
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Propellant Turbopump Labyrinth Seal Failure 


FAILURE MODE 8 
• CRACKED TURRINE BLADES 



Turbine Blade Failure 
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FAHUWE MOPE 7 

• CRACKED CONVOLUTION, BELLOWS «i SHIELD 



Cracked Convolutions, Bellows and Shields 

FAILURE MODE • 

• LOOSE ELECTRICAL CONNECTORS 



Loose Electrical Connectors 










Ball-Bearing Damage 


FAILURE MODE 10 
• TUBE FRACTURE 



ASI Propellant Line (Tube) Failure 
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FAILURE MODE 13-A 
• VALVE FAILS TO PERFORM 



Oxidizer Poppet 


Valve Failure 


FAILURE MODE 13 B 
• VALVE FAILS TO PERFORM 



J ENGINE 
n FAILURE 


SLOW OPERATION 
♦ OR 

FAILS TO OPEN 


Main Propellant Valve Failure 












FAILURE MODE 14^ 


• INTERNAL LEAKAGE 



■Poppet Valve Failure 


FAILUHE MODE 14 -« 

• internal VALVE LEAKAGE 


SEAL 


DEFECTS IN 

(MOLDED) 


MATERIAL 



MOV Sequence Valve Failure 
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FAILURE MODE 14-C 



CORRECTIVE ACTION: 
1. REDESIGN 


Main Oxidizer Valve Failure 


FAILURE MODE 14- D 

• INTERNAL LEAKAGE (TRAPFED PRESSURE) 



CORRECTIVE ACTION: 
REDESIGN 


Redundant Isolation Valve Failure 
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FAILURE MOVE 18 
• REGULATOR DISCREPANCIES 



Regulator Failure 


FAILURE MODE IS 

♦ CONTAMINATED HYDRAULIC CONTROL ASSEMBLY 



Hydraulic Control Assembly Failure 
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APPENDIX G 


IN-FLIGHT CONDITION, MONITORING SENSOR GRADING 

In this section, candidate sensors are graded with respect to ideal sensors for 
their usefulness in detecting each class of rocket engine failure. The grading 
is based on the lumped technical and economic descriptors described in Table 23 , 
including physical, electronic and functional requirements, detectability, dura- 
bility, safety and cost. The development time required for each sensor to be used 
for the given application is also listed, and an overall grade is given, again 
with respect to an ideal sensor. 

TABLE 23 . LUMPED DESCRIPTORS 


TECHNICAL REQUIREMENTS : 

• PHYSICAL 

• WEIGHT 

• SPACE 

• STRENGTH 

• MATERIALS 

• CHEMICALS 

• RESONANCE 

• FATIGUE 

• ELECTRONIC 

• POWER. COMSUMPTION 

• VOLTAGE 

• CURRENT 

• WIRING 

• FILTERING 

• AMPLIFICATION 

• ANALOG/DIGITAL 

• MEMORY REQUIREMENTS 

• LINEARIZATION 

• SHIELDING 

• FUNCTIONAL 

• INTRUSIVE 

• POWER LOSS (PARASITIC) 


TECHNICAL FEATURES: ECONO M I CAL. 

• DETECTABILITY • EXPENDITURES 

• SPEED • H«<D 

• ACCURACY • INTEGRATION 

• REPEATABILITY 

• SENSITIVITIY 

• RESOLUTION 

• DRIFT 

• artifacts 

• SUSCEPTIBILITY 

• SAFETY 

• FAILSAFE 

• FAILURE EFFECTS 

• DURABILITY 

• RECALIBRATION 

• INSPECTION 

• LIFE 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF COOLANT PASSAGE LEAKAGE /RE STRICT I ON (NO. 2) 


N. DEscmrroRS 



TECHNICAL 




ECONOMICAL 





REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


UClVtLUrMCN 1 

TIME 

TOTAL 

SENSORS Nw 

PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

DETECTABILITY 

SAFETY 

— 

DURABILITY 

TECHNICAL 

RliD 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

1 

20 

20 

10 

90 



s' 

10 

0 

10 

110 

PRESSURE SENSORS 















QUARTZ, DIGITAL 

7 

3 

18 

6 

18 

8 

60 

50 

250 

300 

7 

1 

9 

76 

FIBEROPTIC 

7 

2 

18 

6 

18 

8 

59 

200 

250 

450 

5 

3 

7 

71 

LASER DIGITAL 

7 

3 

18 

6 

18 

7 

59 

300 

250 

550 

4 

4 

6 

69 

SAW, DIGITAL 

7 

3 

18 

6 

18 

7 

59 

200 

250 

450 

5 

2 

8 

72 

ULTRASONIC THERMOMETER, 
FLAME 

6 

5 

20 

12 

20 

6 

69 

100 

200 

300 

7 

3 

7 

83 

ULTRASONIC FLOWMETER, 

10 

5 

20 

6 

20 

9 

70 

50 

150 

200 

8 

2 

8 

86 

NOZZLE 















POLAROGRAPH 

2 

4 

10 

14 

10 

4 

44 

250 

450 

700 

3 

6 

4 

51 

TUNABLE DIODE LASER 

8 

5 

19 

12 

19 

7 

60 

300 

300 

600 

4 

6 

4 

68 

SPECTROMETER 
MIXTURE RATIO 















I - IN THOUSANDS 
















I 




% 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 


FOR DETECTION OF HIGH-TURBOPUMP TORQUE (NO. 5) 


DESCRIPTORS 



TECHNICAL 




ECONOMICAL 





REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


wc V c i.wrivicra 1 

TIME 

TOTAL 

SENSORS N. 

PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

DETECTABILITY 

SAFETY 

DURABILITY 

TECHNICAL 

RAD 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

SO 



s' 

10 

0 

10 

110 

RTD THERMOMETER 

6 

8 

18 

4 

18 

4 

58 

50 

200 

250 

7 

2 

8 

73 

OPTICAL TACHOMETER 

6 

8 

20 

12 

15 

8 

69 

200 

200 

400 

6 

2 

8 

83 

ACCELEROMETER 

9 

5 

20 

1 

20 

9 

64 

70 

150 

220 

7 

3 

7 

78 

ISOTOPE WEAR DETECTOR 

7 

5 

20 

18 

18 

7 

75 

500 

500 

1000 

0 

6 

4 

79 

HYDROPHONE 

7 

5 

20 

6 

18 

6 

62 

50 

150 

200 

8 

2 

8 

78 

FERROMAGNETIC TORQUE- 
METER 

5 

10 

20 

15 

15 

10 

76 

500 

400 

900 

1 

7 

3 

80 

TUNABLE DIODE LASER 
SPECTROMETER 

8 

5 

19 

16 

18 

8 

74 

300 

300 

600 

4 

6 

4 

82 

1 - IN THOUSANDS 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF CRACKED TURBINE BLADE (NO. 6) 


N. DESCRIPTORS 



TECHNICAL 




ECONOMICAL 





REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


ucvcuvirmcni i 
TIME 

TOTAL 

SENSORS N. 

' -1 
< 

o 

> 

X 

•u 

ELECTRONICS 

FUNCTIONAL 

DETECTAilLITY 

SAFETY 

DURARILITY 

TECHNICAL 

o 

a 

flC 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

90 



s’ 

10 

B 

10 

110 

PRESSURE SENSORS^ 















QUARTZ DIGITAL 

9 

3 

18 


18 

8 

62 

50 



7 

1 

9 

78 

FIBEROPTIC 

9 

2 

18 


18 

8 

61 

200 

250 

450 

5 


7 

73 

LASER DIGITAL 

9 

3 

18 


18 


61 

300 

250 

550 

4 


6 

71 

SAW DIGITAL 

9 

3 

18 


18 


61 

200 

250 

450 

5 


8 

74 

PYROMETER 

8 

5 

20 


16 


72 

100 

300 

450 

6 


8 

86 

VIBRATION^ 

9 

5 

20 


20 


63 

20 

250 

270 

7 

1 

9 

79 

HYDROPHONE^ 

8 

5 

20 


18 


62 

50 

250 

300 

7 

2 

8 

77 

FIBEROPTIC BEARING 
DETECTOR 

6 

■ 

20 

10 

18 

8 

69 

200 

400 

600 

4 

3 

7 

80 

EXO-ELECTRON DETECTOR 

3 

D 

10 

15 

12 

7 

51 

300 

300 

600 

4 

7 

3 

58 

EDDY CURRENT DETECTOR 

3 


10 

12 

12 

8 

49 

50 

300 


6 

3 

7 

62 

EMAT DETECTOR^ 

3 

1 

10 

14 

12 

8 

51 

150 

300 

450 

5 

4 

6 

62 


1 - IN THOUSANDS 

2 - TRANSIENTS 

3 - CHIPPED BLADE 

4 - EMAT - ELECTROMAGNETIC ACOUSTIC TRANSDUCER 


♦ 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF CRACKED CONVOLUTIONS, BELLOWS, SHIELDS (NO. 7) 


N. DESCBirrORS 

SENSORS N. 

TECHNICAL 

ECONOMICAL 

DEVELOPMENT 

TIME 

TOTAL 

REQUiflEMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

DETECTAtILITY 

SAFETY 

DURABILITY 

TECHNICAL 

RAD 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

90 




10 

0 

10 

110 

PRESSURE SENSORS 















QUARTZ. DIGITAL 

9 

3 

18 

6 

18 

8 

62 

50 

250 

300 

7 

1 

9 

78 

FIBEROPTIC 

9 

2 

18 

6 

18 

8 

61 

200 

250 

450 

5 

3 

7 

73 

LASER, DIGITAL 

9 

3 

18 

6 

18 

7 

61 

300 

250 

550 

4 

4 

6 

71 

SAW DIGITAL 

9 

3 

18 

6 

18 

7 

61 

200 

250 

450 

5 

2 

8 

74 

RTD THERMOMETER 

6 

8 

18 

4 

18 

4 

58 

50 

200 

250 

7 

2 

8 

73 

ACCELEROMETER 

9 

5 

18 

1 

18 

9 

62 

70 

150 

220 

7 

3 

7 

76 

GYDROPHONE 

7 

5 

18 

10 

16 

6 

62 

50 

150 

200 

8 

2 

8 

78 

1 - IN THOUSANDS 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF BALL BEARING FEATURES (NO. 9) 


N. DESCRIPTORS 

SENSORS N. 

TECHNICAL 

ECONOMICAL 

DEVELOPMENT 

TIME 

TOTAL 

REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

DETECTARILITY 

SAFETY 

DURABILITY . 

TECHNICAL 

RliD 

' ' ' ■ " 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

90 


s' 


10 

0 

10 

110 

OPTICAL TACHOMETER 

6 

8 

20 

12 

15 

8 

69 

200 

200 

400 

6 

2 

8 

83 

ISOTOPE DETECTOR 

7 

5 

20 

18 

18 

7 

75 

500 

500 

1000 

0 

6 

4 

79 

FIBEROPTIC DETECTOR 

6 

7 

20 

19 

18 

8 

77 

200 

400 

600 

4 

3 

7 

88 

RTD THERMOMETER 

6 

8 

20 

4 

18 

4 

60 

50 

200 

250 

7 

2 

8 

75 

ACCELEROMETER 

9 

5 

20 

1 

20 

9 

64 

70 

150 

220 

7 

3 

7 

78 

HYDROPHONE 

7 

8 

20 

10 

18 

6 

69 

50 

150 

200 

8 

2 

8 

85 

FERROMAGNETIC 

5 

10 

20 

15 

15 

10 

75 

500 

400 

900 

1 

7 

3 

79 

TORQUEMETER 




1 











EXO-ELECTRON DETECTOR 

3 

4 

10 

15 

12 

7 

51 

300 

500 

800 

2 

7 

3 

56 

TURNABLE DIODE LASER 

8 

5 

19 

16 

18 

8 

74 

300 

300 

600 

4 

6 

4 

82 

SPECTROMETER 















EDDY CURRENT DETECTOR 

3 

4 

10 

10 

12 

8 

47 

50 

300 

350 

6 

3 

7 

60 

EMAT^ 

3 

4 

10 

12 

12 

8 

49 

150 

300 

450 

5 

4 

6 

60 


1 - IN THOUSANDS 

2 - BIAT - ELECTROMAGNETIC ACOUTIC TRANSDUCER 




TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF TURBINE SEAL LEAKAGE (NO. 11) 


DEScmrroRS 



TECHNICAL 




ECONOMICAL 





REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


uc vcLurnncni i 

TIME 

TOTAL 

SENSORS 

PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

DETECTAilLITY 

t 

tii 

u. 

DURAilLITY 

TECHNICAL 

O 

4 

cc 

INTEGRATION 

ECONOMICAL 

a 

m 

o 

YEARS 

lU 

S 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

90 



s' 

10 

0 

10 

110 

RTO THERMOMETER 

6 

8 

20 

4 

18 

4 

60 

50 

200 

250 

7 

2 

8 

75 

OPTICAL TACHOMETER 

6 

8 

20 

12 

15 

8 

69 

200 

200 

400 

6 

2 

8 

83 

ACCELEROMETERS 

9 

5 

20 

1 

20 

8 

64 

70 

150 

220 

7 

3 

7 

78 

ISOTOPE SEAL DETECTOR 

7 

5 

20 

18 

18 

7 

75 

500 

500 

1000 

0 

6 

4 

79 

TUNABLE DIODE LASER 
SPECTROMETER 

8 

5 

19 

16 

18 

8 

74 

300 

300 

600 

4 1 

6 

4 

82 

1 - IN THOUSANDS 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF VALVE FAILURES (NO. 13) 


DESCRlfTORS 



TECHNICAL 




ECONOMICAL 


pun 

■■■■ 


REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 



TOTAL 

SENSORS 

PHYSICAL 

ELECTRONICS 

FUNCTIONAL 

DETECTABILITY 

SAFETY 

DURABILITY 

TECHNICAL 

Q 

a 

K 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

- 

i 

10 

10 

20 

20 

20 

10 

90 

$’ 

s’ 

^ 1 

10 

B 

10 

110 

PRESSURE SENSORS 
QUARTS, DIGITAL 

9 

3 

18 

6 

18 

8 

62 

50 

250 

300 

■ 

1 

9 

78 

FIBEROPTICS 

9 

2 

18 

6 

18 

8 

61 

200 

250 

450 

B 

H 

B 

73 

LASER, DIGITAL 

9 

3 

18 

6 

18 

D 

61 

300 

250 

550 


B 

B 

71 

S.A.W., DIGITAL 

9 

3 

18 

6 

18 

B 

71 

200 

250 

450 

B 

2 

8 

74 

ISOTOPE WEAR DETECTOR 

7 

5 

16 

18 

18 

B 

71 

300 

300 

600 

B 

6 

B 

79 

TUNABLE DIODE LASER 

8 

5 

19 

16 

18 

8 

74 

500 

500 

1000 

0 

6 


78 

1 - IN THOUSANDS 
















4 


m 
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TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF INTERNAL LEAKS (NO. 14) 


N. DESCRIPTORS 



TECHNICAL 




ECONOMICAL 





REC 

2UIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


utvtLurMtr>i 1 
TIME 

TOTAL 

SEfISORS N. 

PHYSICAL 

1 

ELECTRONICS 

FUNCTIONAL 

DETECTAilLITY 

SAFETY 

DURABILITY 

TECHNICAL 

O 

a 

fiC 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

90 

s’ 


s’ 

10 

0 

10 

110 

ULTRASONIC THERMOMETER 

6 

5 

20 

12 

20 

6 

69 

100 

200 

300 

7 

3 

7 

83 

ACCELEROMETERS 

9 

5 

20 

1 

20 

9 

64 

70 

150 

220 

7 

3 

7 

78 

ISOTOPE DETECTOR 

7 

5 

20 

18 

18 

7 

75 

500 

500 

1000 

0 

6 

4 

79 

HYDROPHONE 

7 

5 

20 

6 

18 

6 

62 

50 

150 

200 

8 

2 

8 

78 

TUNABLE DIODE LASER 
SPECTROMETER 

8 

5 

19 

16 

18 

8 

74 

300 

300 

600 

4 

6 

1 

4 

82 

1 - IN THOUSANDS 

















276 


TECHNICAL AND ECONOMIC GRADING OF IN-FLIGHT DIAGNOSTIC SENSORS 
FOR DETECTION OF REGULATOR FAILURES (NO. 15) 


DEScmrroRS 



TECHNICAL 




ECONOMICAL 





REQUIREMENTS 

FEATURES 

TOTAL 

EXPENDITURE 

TOTAL 


TIME 

TOTAL 

SENSORS 

PHYSICAL 

ELECTRONICS 



FUNCTIONAL 

DETECTABILITY 

L_ 

SAFETY 

DURABILITY 

TECHNICAL 

Q 

4 

OC 

INTEGRATION 

ECONOMICAL 

GRADE 

YEARS 

GRADE 

OVERALL 

GRADE 

PERFECT SCORE 

10 

10 

20 

20 

20 

10 

D 

D 



10 

B 

10 

110 

TURNABLE DIODE LASER 
SPECTROMETER 

8 

5 

19 

16 

18 

8 

74 

300, 

300 

600 

■ 

6 

4 

82 

ISOTOPE WEAR DETECTOR 

7 

5 

20 

18 

18 

7 

75 

500 

500 

1000 

0 

6 

4 

79 

1 - IN THOUSANDS 































































APPENDIX H . LITERATURE SURVEYED FOR 
BETWEEN-FLIGHT INSPECTION 


APPENDIX H 


LITERATURE SURVEYED FOR BETWEEN- FLIGHT INSPECTION 

A survey was undertaken to find inspection technology which could be applicable 
to reusable rocket engines between flights. This survey included computer liter- 
ature searches, periodical reviews, and personal visits. Representative literature 
was enumerated and the inspection techniques uncovered were then summarized. This 
appendix indicates the 56 documents that were tabulated as a result of this survey. 
The sequence shown represents only the order in which the literature was reviewed. 

Table 24 is a tabulation indicating the title, author(s), source organization 
which actually performed the study or tests, level of development (Novel, Rocket 
Engine, or state— of— the— art) , and remarks for each document. 

Table 25 gives the reference information needed to obtain the literature, 
listed to correspond to the tabulation numbering of Table 24, 
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TABLE 24. SUMMARY OF LITERATURE SEARCH FOR BETWEEN-FLIGHT CONDITION MONITORING TECHNOLOGIES 





i 

INFLIGHT 

•ETWEEN-FLIGHT 


NUMtER 

TITLE 

AUTHOR 1 

i 

SOURCE 

S| 

H 

Ui 

?§ 
O c 

M Z 

o 

z 

• 

♦ 

mi 

o 

z 

^ UJ 

H 

H 

ss 

O 

z 

-t 

Ul 

> 

O 

z 

remarks 

1 

MAINTAINASIILITY OF THE SPACE 
SHUTTLE ORB ITER MAIN ENGINE 

60E, R.T. 

ROCKETDYNE 

j 

1 


3 



1 

EARLY SSME MAINTENANCE 
CONCEPTS 

2 

i 

DIVERSIFICATION OF ACOUSTICAL 
HOLOGRAPHY AS A NONOESTRUCT 
INSPECTION TECHNIQUE TO 
DETERMINE AGING DAMAGE IN 
SOLID ROCKET MOTORS 

COLLINS. DR. H. 

HOLOSONICS. INC. 







1 

ACOUSTICAL IMAGING TECH- 
NIQUES FOR CRACK 
DETECTION 

3 

WELDED ROTOR INSPECTION 
DEVELOPMENT PROJECT T55-J-027 

SUSHI EL, J. 
VICTOR, S. 
PAUL, J. 

AVCO LYCOMING 





2 



ULTRASONIC AND ACOUSTIC- 
EMISSION INSPECTION OF 
GAS TURBINE POWER SHAFTS 

4. 

USE OF LASER-POWERED OPTICAL 
PROXIMITY PROIE IN ADVANCED 
TURIOFAN ENGINE DEVELOPMENT 

HARDY, H. D. 

PRATT 1 WHITNEY 
AIRCRAFT 







1 

ROTATING COMPONENT CLEAR- 
ANCE MEASUREMENT 

5 

ENGINE CONDITION MONITOR 
SYSTEM TO DETECT FOREIGN 
OBJECT DAMAGE AND CRACK 
DEVELOPMENT 

HEGNER, H. R. 

ITT RESEARCH 
INSTITUTE 







2 

DETECTION OF BLADE DAMAGE 
AND CRACK DEVELOPMENT IN 
AIRCRAFT ENGINES 

6 

A SYSTEMS ENGINEERING 
APPROACH TO EFFECTIVE ENGINE 
CONDITION MONITORING 

LEIBY, D. W. 

GENERAL ELECTRIC 





1 



INTEGRATED CONDITION 
MONITORING SYSTEM FOR 
AIRCRAFT ENGINES 

7 

FROM CRACKING CRACKS TO 
BREAKING BEAMS, A REVIEW OF 
ACOUSTIC EMISSION FOR AIR- 
CRAFT STRUCTURE 

BAILEY, C. D. 
LEWIS. W. H. 

LOCKHEED - 
GEORGIA CO. 







1 

DETECTION OF CRACK INI- 
TIATION AND GROWTH IN 
AIRCRAFT STRUCTURES 

8 

STATE OF THE ART OF NON- 
DESTRUCTIVE INSPECTION OF 
AIRCRAFT ENGINES 

COMASSAR, D.M. 

GENERAL ELECTRIC 





3 



RECENT DEVELOPMENTS IN 
ULTRASONIC. EDDY CURRENT, 
AND PENETRANT INSPECTIONS 

9 

HIGH RESOLUTION RADIOGRAPHY 
IN THE AERO- ENGINE INDUSTRY 

PARISH, R. W. 

AERE 





1 



X-RAY, GAMMA RAY. AND 
PARTICLE RADIOGRAPHY 

10 

WEAR DEBRIS ANALYSIS 

PARR, N. L. 
RfTCHIE, J. 

ROYAL AIRCRAFT 
ESTABLISHMENT 





1 



LUBRICANT PARTICLE DETEC- 
TION AND ANALYSIS 
TECHNIQUES 

11 

HIGH RESOLUTION ULTRASONIC 
NONDESTRUCTIVE TESTING OF 
COMPLEX GEOMETRY COMPONENTS 

MORAN. T. J. 

AIR FORCE 
MATERIALS 
LABORATORY 





1 



DETECTION AND CHARAC- 
TERIZATION OF FLAWS 


*S0TA = UP TO DATE, IN USE, PROVEN TECHNOLOGY **N0VEL = NOT PROVEN. PROTOTYPE TECHNOLOGY 


4 


•.e- 
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4 


TABLE 24. (CONTINUED) 






IN F LIGHT 

RETWEENFLIGHT 


NUMIER 

TITLE 

AUTHOR 

SOURCE 

88 

!: 

“•I 

Z 

• 

ut 

O 

z 

^ Ui 

Is 

Ui 

z 

-J 

UJ 

I 

REMARKS 

12 

NONDESTRUCTIVE METHODS FOR 
THE EARLY DETECTION OF 
FATIGUE DAMAGE IN AIRCRAFT 
COMPONENTS 

GREEN. R.E.. JR. 

THE JOHN 

HOPKINS 

UNIVERSITY 





4 

2 

SURVEY OF FATIGUE DAMAGE 
DETECTION METHODS 

13 

FEASIIILITY DEMONSTRATION OF 
USING PULSE LASER HOLOGRAPHIC 
TECHNIQUES TO INSPECT NAVAL 
AIRCRAFT ENGINE COMPONENTS 

JACOIY, J. L. 
WRIGHT. J. E. 

TRW SYSTEMS 
GROUP 






1 

INSPECTION OF TURUNE 
ILADES ON FULLY ASSEM- 
ILED TURBINE WHEELS 

14 

ACOUSTIC EMISSION TECHNOLOGY 
1979 

GREEN, A. T. 

ACOUSTIC EMIS- 
SION TECHNOLOGY 
CORP. 






1 

STATE OF ACOUSTIC EMIS- 
SION METHODS IN 1979 

15 

AN OPERATIONAL 150KV MICRO- 
FOCUS ROD ANODE X-RAY SYS- 
TEM FOR NONDESTRUCTIVE 
TESTING 

FONTIJN. L. A. 
PEUGEOT, R. S. 

INSTITUTE OF 
APPLIED PHYSICS 
NETH. & RIDGE 
INSTRUMENT CO. 





1 


HIGH-SENSITIVITY X-RAY 
TECHNIQUE 

16 

HOLOGRAPHY AS A ROUTINE 
METHOD OF VIIRATION 
ANALYSIS 

HOCKLEY, 1 . S. 
lUTTERS. J. N. 

ROLLS-ROYCE, 

LTD. 






1 

HOLOGRAPHIC INSPECTION OF 
AIRCRAFT ENGINE COMPRES- 
SOR BLADES AND TURIINE 
WHEELS 

17 

CORRELATIONS lETWEEN ADVANCE 
NONDESTRUCTIVE EVALUATION 
METHODS AND FRACTURE MECH- 
ANICS PARAMETERS 

TELLER. C.M. 
ET. AL, 

SOUTHWEST 

RESEARCH 

INSTITUTE 





2 


PULSE-ECHO SURFACE WAVE 
ULTRASONIC AND MAGNETIC 
PERTURBATION DETECTION OF 
FATIGUE CRACKS 

11 

FATIGUE DAMAGE DETECTION 
IN 2024 ALUMINUM ALLOY lY 
OPTICAL CORRELATION 

HAWORTH, W. L. 
HEIIER. A. F. 
MUELLER, R. K. 

WAYNE STATE 
UNIVERSITY 





1 


FATIGUE MONITORING USING 
OPTICAL HOLOGRAPHY 

19 

ACOUSTIC HARMONIC GENERA- 
TION DUE TO FATIGUE DAMAGE 
IN HIGH-STRENGTH ALUMINUM 

MORRIS, W. L. 
lUCK, 0. 
INMAN. R. V. 

ROCKWELL INTER- 
NATIONAL SCIENCE 
CENTER 





1 


FATIGUE DAMAGE DETECTION 
WITH ACOUSTIC SECOND 
HARMONIC GENERATION 

20 

STUDY OF A FLIGHT MONITOR 
JET ENGINE DISK CRACKS 
THE CRITICAL LENGTH CRI- 
TERION OF FRACTURE 
MECHANICS 

tARRANGER, J. P. 

NASA LEWIS 
RESEARCH CENTER 




1 


1 

EDDY CURRENT DETECTION 
OF CRACKS AND PREDIC- 
TION OF FAILURE 

21 

APPLICATIONS OF ELECTRO- 
OPTICAL INSTRUMENTATION 
IN TURIINE ENGINE 
DEVELOPMENT 

ALWAG, W. G. 

PRATT 1 WHITNEY 
AIRCRAFT 





5 


REVIEW OF SOTA OPTICAL 
INSTRUMENTATION 


*SOTA = UP TO DATE, IN USE, PROVEN TECHNOLOGY **NOV£L = NOT PROVEN. PROTOTYPE TECHNOLOGY 
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TABLE 24. (CONTINUED) 



22 NONDESTRUCTIVE TESTING, 
A SURVEY 

23 FIlER-OPTiC CAMERA 


24 A STUDY OF PLASTIC DEFORMA- 
TION BY EXOELECTRON 
EMISSION 

25 MICROPROCESSOR BASED AUTO- 
MATIC HETERODYNE 
INTERFEROMETER 

26 CRITICAL INSPECTION OF BEAR- 
INGS FOR LIFE EXTENSION 


27 DEVELOPMENT OF LMFBR STEAM 
GENERATOR LEAK PROTECTION 
SYSTEMS 


28 A CRYOGENIC LINE LEAK 
DETECTOR 

29 INDUSTRIAL APPLICATIONS OF 

ULTRASOUND - A REVIEW 

30 MONITORING OF LNG VAPOR 


31 NONDESTRUCTIVE EVALUATION 
OF METAL FATIGUE 


32 NONDESTRUCTIVE INSPECTION 
METHOD FOR JET ENGINE 
TURBINE BLADES 

33 DESIGN OF AN ENDOSCOPIC 
CARRIER WITH COMPLETE 
DIRECTIONAL CONTROL 

34 FATIGUE DAMAGE DETECTION 


BAXTER, W. J. 


BARTON, J. R. 
KUSENBERGER. F.N. 
SMITH, R. T. 

MAGEE, P.M. 
GERRELS, E.E. 
GREENE, D. A. 
McKEE, J. 

ALLAN, D. S. 
SCHIFF, D. S. 

LYNNWORTH, L. C. 


HINCKLEY, E. D. 


SOUTHWEST 

RESEARCH 

INSTITUTE 

UNKNOWN 


GENERAL MOTORS 

RESEARCH 

LABORATORIES 

UNITED TECH- 
NOLOGIES 
RESEARCH CENTER 

SOUTH RESEARCH 
INSTITUTE 


GENERAL 

ELECTRIC 


ARTHUR D. 
LITTLE, INC. 

PARAMETRICS, 

INC. 

JET PROPULSION 
LABORATORY 
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APPENDIX I. BETWEEN-FLIGHT 
TECHNOLOGY 



APPENDIX I 


BETWEEN-FLIGHT TECHNOLOGY GRADING 

The method for evaluation and ranking of the technologies was developed in coopera- 
tion with the Task II effort. The evaluation method selected was, as in Task II, 
a hybrid approach: first, two clear-out screens were identified and applied to 

the techniques. Lumped descriptors, each made up of many specific descriptors, 
were then defined. The technologies applicable to each failure mode were graded 
using these lumped descriptors, thus providing a ranking of the techniques. All 
techniques were assumed to be equally developed for use on rocket engines. This 
appendix shows the technology grading performed for each failure mode. The scores 
given for technical lumped descriptors were summed to give an overall technical 
score. Economic costs were subtracted from savings, resulting in an overall 
savings figure. An economic grade was then assigned based on one point for each 
nearest $100,000 in savings. The development grade was determined by subtracting 
one point, from a maximum of 10 points, for each year required for development. 
Thus, three grades were obtained for each technology in each failure mode. 
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